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1 Introduction 
 
The fabrication of modern integrated circuits requires clean production equipment and a clean 
environment in order to avoid defects in devices. Due to constant miniaturization smaller and 
smaller quantities of impurities are tolerated in devices and so improvements in the technology 
of impurity detection are needed. The main detrimental metal impurities in processed silicon 
wafers are iron, copper and nickel [1]. Trace copper contamination on the surface of silicon 
wafers can be measured quantitatively by means of total reflection x-ray fluorescence (TXRF) 
[2]. Trace copper contamination in bulk silicon can be measured by chemical analysis methods, 
such as graphite furnace atomic absorption spectroscopy (GF-AAS) [3] and inductively 
coupled plasma mass spectrometry (ICP-MS) [4, 5]. These measurement techniques are slow 
and expensive. The interstitial copper concentration in bulk silicon can be measured by means 
of the transient ion drift technique (TID) [6], in which electrical contacts are needed. 
 
The charge carrier recombination in silicon is a physical phenomenon, which is characterized 
by the charge carrier lifetime. Iron contamination in silicon is commonly identified 
quantitatively by means of carrier lifetime measurements. Therefore, carrier lifetime 
measurement equipment already exists in production plants. However, there is not yet a 
method to determine copper contamination in silicon quantitatively by means of carrier lifetime 
measurements. Copper contamination in silicon is identified qualitatively by analyzing the 
charge carrier lifetime in p-type and n-type silicon. Copper contamination decreases the 
lifetime in n-type silicon but not in p-type silicon [7]. The copper contamination level is 
estimated by means of carrier lifetime values in n-type silicon. 
 
Henley et al. [8] reported a new copper related phenomenon in 1999 that shows promise for the 
quantitative detection of copper in p-type silicon by means of lifetime measurements. They 
found that light and heat treatments decreased the charge carrier diffusion length in boron 
doped Czochralski silicon that had been contaminated by copper in an oxidizing atmosphere. 
Ramappa [9] reported on the same phenomenon in boron doped float-zone silicon in 2000. The 
optical activation procedure involved exposing the sample to light with a photon energy above 
the silicon bandgap. 
 
Flink et al. [10] found that copper predominantly diffuses from bulk silicon to the silicon 
surface at room temperature after a quench. Shabani et al. [3] found that copper stays in bulk 
silicon of an air-cooled sample, if a silicon dioxide layer covered the surfaces. Shabani et al. 
[11] suggested that the surface band bending influences copper diffusion to the sample 
surfaces. Excess charge carriers decrease the surface band bending during optical activation of 
copper. Therefore, the question is how to prevent the copper diffusion to the silicon surface 
during light treatment. 
 
The recombination activity of copper has been reported to be quite low at trace copper 
contamination levels after optical activation. Raineri et al. [12] reported that they did not find 
any change of the charge carrier diffusion length in copper contaminated p-type silicon due to 
light treatment when the copper dose was below 1013 cm-2. Tarasov et al. [13] detected the 
decrease of the diffusion length from 312 µm to 264 µm in a rapidly cooled silicon sample 
contaminated by a copper concentration of 1012 cm-2. Oxygen defects are known to increase the 
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influence of copper contamination on the lifetime, because oxygen defects increase copper 
precipitation in the bulk during the cooling period [14]. Do oxygen defects increase the 
recombination activity of light-induced copper precipitates? 
 
Ramappa [9] reported that light intensity has an influence on the rate by which the lifetime 
decreases due to illumination. The light generates excess charge carriers in silicon, which 
change the occupation of energy levels in the bandgap. The charge state of copper precipitates 
affects the precipitation behaviour of copper atoms, which is confirmed by Flink et al. [10]. Is 
the change of charge state of copper precipitates the reason for the growth of light-induced 
copper precipitates? 
 
The aim of the research done here is to develop the sample preparation method for the 
determination of trace copper contamination by means of charger carrier lifetime 
measurements. The objective is to study the influence of corona charge, light intensity and 
oxygen defects on the recombination activity of copper and on the formation of copper 
precipitates.  
 
The experimental study includes the processing of the copper contaminated samples. Copper 
precipitates are induced in silicon through the use of high intensity light. The recombination 
activity of copper is measured by means of the microwave photoconductive decay technique 
(µPCD). The TXRF technique is used to determine the copper surface concentration and the 
TID technique is used to determine the interstitial copper bulk concentration. The theoretical 
study includes the interpretation of lifetime measurement results using the diffusion-limited 
precipitation model. 
 
The scope of this research is the measuring of the recombination activity of copper precipitates, 
mainly using the microwave photoconductive decay technique under high injection level 
conditions. The emphasis of this study is on copper concentration levels below 1013 cm-3. The 
copper contaminated samples are air-cooled, i.e. the samples are not quenched. 
 
An outline of the dissertation 
 
Chapter 2 is a review in the field of copper properties in silicon. It emphasizes the diffusivity 
and solubility of copper, copper precipitation, the electrical properties of interstitial copper and 
copper precipitates, and charge carrier lifetime dependence on copper contamination. 
 
Chapter 3 deals with the theories and models used in this work. Chapter 3.1 and chapter 3.2 
cover the theory of carrier lifetime for microwave photoconductive decay measurements. 
Chapter 3.3 deals with the models for diffusion-limited precipitation. Chapter 3.4 presents the 
volume recombination and surface recombination models for copper precipitates. 
 
Chapter 4 describes the experimental work done on sample preparation. The carrier lifetime 
measurement equipment is outlined. 
 
Chapter 5 presents the charge carrier lifetime and copper contamination measurement results, 
and the calculated properties for copper defects. 
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Chapter 6 consists of the conclusion. It addresses the importance of a positive corona charge to 
keep copper in bulk silicon, which is a precondition for the formation of copper defects by light 
treatment. 
 
 4
2 Copper in silicon 
 
2.1 Diffusivity 
2.1.1 Intrinsic diffusivity 
Copper diffuses in silicon as a positively charged interstitial ion [15]. The diffusivity of 
interstitial copper in n-type and intrinsic silicon is [16] 
 
( ) 


−×±= −
kT
D eV 01.018.0exp103.00.3 4int
m
 cm2·s-1, (2.1) 
 
where T is the temperature and k is Boltzmann’s constant. The intrinsic diffusivity is  
2.4×10-7 cm2·s-1 at room temperature. 
 
2.1.2 Effective diffusivity 
Positively charged copper ions pair with the negatively charged acceptor atoms. The 
consequence of the pairing reaction is that only a fraction of the dissolved copper atoms are 
mobile. The copper-acceptor pairs are more likely to form when the acceptor concentration 
increases. Therefore, the diffusivity of copper decreases when the acceptor concentration 
increases. The effective diffusivity of copper in boron-doped silicon can be written as a 
numerical equation when the dissolved copper concentration is much lower than the boron 
concentration and the boron concentration is below 1017 cm-3 [16]. The effective diffusivity of 
copper is [16] 
 
)/)(/4990exp(10584.21
)/2090exp(103
a
20
4
eff TNT
TD
−
−
×+
−×
=  cm2·s-1, (2.2) 
 
where Na is the acceptor concentration in cm-3 and T is in Kelvin. The effective diffusivity is 
7.5×10-8 cm2·s-1 at room temperature when the boron concentration is 1015 cm-3 in silicon. This 
effective diffusivity is about a third of the intrinsic diffusivity. Therefore, the diffusivity of 
copper in silicon decreases already at a low boron concentration at room temperature. 
However, the copper diffusivity is still high, the diffusion length of copper is 160 µm per hour. 
 
2.1.3 Donor-acceptor pairing 
This section outlines the diffusion theory, which includes the trapping of mobile donors by 
immobile acceptors. The theory was presented by Reiss et al. [17] and utilized by Istratov et al. 
[16] when deriving the numerical equation (2.2) for the effective diffusivity of copper. The 
equations presented in this section can be used to calculate the copper diffusivity in silicon 
even when the copper concentration is not much lower than the boron concentration. When the 
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donor concentration approaches the acceptor concentration, the effective diffusivity should be 
calculated using other equations [17]. 
 
The effective diffusivity of dissolved atoms Deff in presence of a trapping process is [17] 
 
)1(
total
dis
immobile
dis
inttotal
dis
mobile
dis
inteff N
N
D
N
N
DD −== ,  (2.3) 
 
where mobiledisN  is the concentration of mobile dissolved atoms, immobiledisN  is the concentration of 
immobile dissolved atoms and totaldisN  is their sum. Dint is the intrinsic diffusivity of dissolved 
atoms without the trapping process. 
 
A mobile dissolved atom is captured, i.e. immobile, if it is within the capture radius of an 
acceptor atom. In the theory of Reiss et al. [17], the capture radius RC is calculated from the 
condition that the Coulomb energy is equal to the average thermal energy 
 
kT
eR
0
2
C 4πεε
= ,  (2.4) 
 
where e is the elementary charge, ε is the relative permittivity of silicon, ε0 is the permittivity 
of free space. By inserting the constants into equation (2.4), the calculated capture radius is 
4.9 nm at room temperature. At doping levels above 1017 cm-3, the capture radius should be 
calculated using the screened Coulomb potential [16]. 
 
The definition of the equilibrium constant Ω for immobile dissolved atoms is [17] 
 
))(( immobiledistotaldisimmobiledisa
immobile
dis
NNNN
N
−−
=Ω .  (2.5) 
 
The ratio between the concentration of the immobile dissolved atoms and the concentration of 
total dissolved atoms, which occurs in equation (2.3), is from equation (2.5) [17] 
 
( )totaldisa2total
dis
immobile
dis 45.0 NN
N
N
−−×= αα ,  (2.6) 
 
where 
 
total
dis
total
dis
a 11
NN
N
Ω
++=α .  (2.7) 
 
At thermal equilibrium, the dissociation rate of immobile dissolved atoms equals the capture 
rate of mobile dissolved atoms 
 
 6
C
immobile
dis
total
dis
diss
immobile
dis
ττ
NNN −
= ,  (2.8) 
 
where τdiss is the dissociation time constant of immobile dissolved atoms and τC is the capture 
time constant of mobile dissolved atoms. For example, the dissociation rate of immobile 
copper atoms from boron atoms is [16] 
 


 ±
−×±=
kT
eV 01.061.0
exp10)80.005.2(1 13
dissτ
 s-1. (2.9) 
 
In the theory of Reiss et al. [17], the capture of mobile dissolved atoms into the acceptor atoms 
is diffusion limited. The capture time constant is from Fick’s law [17] 
 
)(4
1
immobile
disaCint
C NNRD −
=
π
τ .  (2.10) 
 
The term immobiledisa NN −  is the concentration of acceptor atoms not containing an impurity atom 
within the capture radius.  
 
Using equations (2.5) and (2.8) the equilibrium constant can be expressed as 
 
)( immobiledisaC
diss
NN −
=Ω
τ
τ
.  (2.11) 
 
Inserting τC from equation (2.10) leads to 
 
Cintdiss 4 RDπτ=Ω ,  (2.12) 
 
which is in usable form for equation (2.7) and the effective diffusivity can be calculated from 
equation (2.3). 
 
2.2 Solubility 
In non-degenerate silicon, the copper solubility is dominated by the solubility of interstitial 
copper [15]. The copper solubility in silicon is [18] 
 



−×=
kT
S eV 49.14.2exp105 22Cu  cm
-3
. (2.13) 
 
The solubility was determined in a temperature range from 500 ºC to 800 ºC [18]. The 
solubility is as high as 1014 cm-3 at 500 ºC. At room temperature the solubility is small, 
0.05 cm-3, extrapolating from equation (2.13). 
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2.3 Behaviour during heat treatment 
2.3.1 General 
Copper can easily diffuse from a contaminated silicon surface into bulk during thermal 
processes. The high copper solubility and diffusivity enable a high copper concentration to 
form in silicon in a short period of time. Because copper atoms have high diffusivity and low 
solubility at room temperature copper favours defect reactions during the cooling period. The 
following sections outline the defect reaction dependence on copper concentration and cooling 
rate. 
 
2.3.2 Copper concentration above 1017 cm-3 
Seibt et al. [19] and Istratov et al. [20] have reviewed copper precipitation in silicon containing 
copper concentrations above 1017 cm-3. Transmission electron microscopy (TEM) 
investigations have revealed planar and spherical copper precipitates in the bulk [21]. The 
thicknesses of these planar precipitates range from 0.5 nm to 5 nm and the diameters of the 
precipitates range from 30 nm to 500 nm, with a precipitate density up to 1013 cm-3 [20, 21, 
22]. The size of the planar precipitates depends on the contamination level and the cooling rate 
[19]. Small spherical copper precipitates grow around planar precipitates [21]. The planar 
precipitates decompose into spherical precipitates [19] during low temperature annealing, 
260 ºC to 400 ºC. The spherical copper precipitates also grow at dislocations and at stacking 
faults, which are sinks for interstitial silicon atoms. The size of the spherical precipitates has 
been found to be from a few nanometers [23] to 20 nm [24]. At cooling rates around 25 K·s-1 
copper forms precipitates at the surface [24]. The precipitates extend below the surface [24]. 
The diameter of the copper precipitates in copper precipitate colonies varies from 7 nm to 
20 nm. The size of copper precipitate colonies ranges from 0.5 µm to 80 µm [24]. 
 
2.3.3 Copper concentration between 1013-1017 cm-3 in p-type silicon 
The Fermi-level position determines the amount of precipitated copper in p-type homogeneous 
silicon when the cooling rate is above 500 K·s-1 [10]. Solute copper atoms precipitate when the 
Fermi-level is above Ec-0.2 eV, where Ec is the energy of the conduction band edge [10]. The 
copper precipitation dependence on the Fermi-level position has been explained with 
electrostatic interaction between the positively charged interstitial copper atoms and the copper 
precipitates [10]. The copper precipitates have been explained to be positively charged when 
the Fermi-level is below Ec-0.2 eV, and neutral or negatively charged when the Fermi-level is 
above Ec-0.2 eV [10]. The acceptor doping concentration and the interstitial donor copper 
concentration determine the Fermi-level, which is above Ec-0.2 eV when the copper 
concentration exceeds the acceptor doping concentration with more than 1016 cm-3. Almost all 
solute copper atoms can be quenched in interstitial states when the Fermi-level is below  
Ec-0.2 eV [10]. Copper diffuses from the bulk to the wafer surfaces at room temperature in a 
few days if the silicon dioxide layer is removed from the silicon surface [3]. It has been 
suggested that the potential barrier at the surface slows down the out-diffusion [11]. 
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Shabani et al. [3] reported that a copper surface contamination of 2.2×1013 cm-2 was 
homogeneously distributed in the bulk after air-cooling. The amount of copper at the surface 
was below 3 % of the total copper in bulk. Hourai et al. [25] reported that a copper surface 
concentration of about 1013 cm-2 causes shallow etch pits with a density of about 105 cm-2. The 
silicon surface was etched using a preferential etching solution after the heat treatment. A 
density of 105 cm-2 means strong copper precipitation in the silicon surface. Shabani et al. [11] 
suggested that the silicon surface condition during the cooling down period strongly affects the 
out-diffusion of copper. It has also been reported that the copper out-diffusion is suppressed 
when the thickness of the oxide layer is between 3 nm and 4 nm [3]. This may explain the 
contrary results that have been presented. 
 
Copper forms copper-pairs in p-type silicon. It has been proposed that the copper-pairs form 
between interstitial copper atoms and substitutional copper atoms [26]. Koveshnikov et al. [27] 
measured a copper-pair concentration of 6×1012 cm-3 in boron doped Czochralski silicon, 
which was ion implanted with a copper dose of 1012 cm-2 and then underwent rapid thermal 
annealing. The copper-pair concentration was measured using deep level transient 
spectroscopy (DLTS). The result indicates that almost all the copper was in copper-pairs. 
Erzgräber et al. [28] measured a copper-pair concentration of 7×1013 cm-3 in boron doped float-
zone silicon that had not been quenched. Unfortunately, the copper concentration level was not 
determined. In general, the dependence of the copper-pair concentration on the copper 
concentration, the cooling rate and the surface condition of the sample is not known. However, 
the copper-pair concentration is low in air-cooled silicon containing a copper concentration of 
3×1014 cm-3. According to Shabani et al. [3] the copper out-diffused in two days. The copper 
out-diffusion would have been delayed, if copper pairs had existed. The dissociation time 
constant of copper-pairs τCupair is [26] 
 


 ±
×= −
kT
eV 07.002.1
exp1047.1 10Cupairτ  s. (2.14) 
 
The dissociation time constant of copper-pairs is from 22 days to 5 years from equation (2.14) 
at T=297 K. These are extreme values. 
 
2.3.4 Copper in n-type silicon 
Istratov et al. [29] reported that the maximum achievable interstitial copper concentration in n-
type silicon is 1013 cm-3, when the cooling rate is about 1000 K·s-1. The interstitial copper 
concentration was measured by means of DLTS. The time constant for a decrease in the 
interstitial copper concentration was about six hours at room temperature. The measured 
activation energy of the time constant was (0.56 ± 0.03) eV. The interstitial copper 
concentration was (4-7)×1011 cm-3 at steady-state conditions. Shabani et al. [3] did not detect 
any copper out-diffusion in n-type silicon below 200 ºC, when the samples were first air-
cooled from 800 ºC. This indicates that copper forms complexes or precipitates during air-
cooling in n-type silicon, which prevents copper out-diffusion at room temperature. 
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2.4 Electrical properties 
2.4.1 Interstitial copper 
Interstitial copper atoms have low recombination activity compared to interstitial iron atoms. 
The recombination activity is low because interstitial copper atoms do not form an energy level 
in the middle of the bandgap of silicon. The interstitial copper in silicon forms the donor level 
at Ec-(0.15±0.01) eV with an electron capture cross-section of 1.5×10-15 cm2. The energy level 
and the capture cross-section were determined by means of DLTS [29]. Istratov et al. [30] 
suggested that a dissolved copper concentration of 1015 cm-3 causes a charge carrier diffusion 
length of 110 µm in silicon with a boron concentration of 2×1015 cm-3. The copper 
concentration was determined from the compensated boron concentration by means of C-V 
measurements at 80 K. The diffusion length corresponding to the interstitial copper was 
determined by measuring the change of the diffusion length. 
 
For comparison, an interstitial iron concentration of 3×1011 cm-3 causes a charge carrier 
diffusion length of 110 µm. The diffusion length was calculated using the SHR-equation (3.23) 
with an energy level at Ev+0.38 eV [31], and an electron and a hole capture cross-section of  
4×10-14 cm2 [31] and 7×10-17 cm2 [31], respectively. 
 
2.4.2 Copper-pairs 
Copper-pairs in silicon have a donor level at Ev+(0.088±0.006) eV [26], where Ev is the energy 
of the valence band edge. A value of Ev+0.096 eV has also been presented [27]. The hole 
capture cross section is between 3×10-15 cm2 [26] and 1.5×10-14 cm2 [28]. It has been proposed 
that pairs form between interstitial copper atoms and substitutional copper atoms [26]. The 
copper-pair concentration is not easy to determine by means of DLTS, because iron-boron 
pairs have almost the same energy level and hole capture cross-section [27]. 
 
2.4.3 Copper precipitates 
It was presented in chapter 2.3 that copper forms precipitates in silicon. Two reproducible 
energy levels have been found in copper contaminated samples, Ev+(0.20 to 0.23) eV and 
Ev+(0.41 to 0.46) eV [20].  
 
Copper precipitates in quenched silicon samples containing copper concentration above 
1016 cm-3 have been characterized by means of TEM, DLTS and electron beam induced current 
(EBIC) techniques [19, 21, 22, 32]. Istratov et al. [22] studied the DLTS spectrum and the 
minority carrier diffusion length dependence on the size of the copper precipitates. The 
minority carrier diffusion length was determined using the EBIC technique. The sizes of the 
precipitates were varied by changing the cooling rate. A copper concentration of 1017 cm-3 was 
used to obtain a sufficient precipitate-related DLTS-signal amplitude. TEM studies showed that 
the diameters of the copper precipitates were 30 nm, 70 nm and 240 nm, with densities of 
4.3×1012 cm-3, 1.1×1012 cm-3 and 1.4×109 cm-3 for cooling rates of 2000 K·s-1, 1000 K·s-1 and 
200 K·s-1, respectively. The precipitates were plate-shaped and mostly parallel to silicon (111) 
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planes. The thicknesses of the precipitates were about 0.5 nm for cooling rates of 2000 K·s-1 
and 1000 K·s-1 and about 5 nm for a cooling rate of 200 K·s-1. The DLTS-spectra of copper 
precipitates obtained after a cooling rate of 2000 K·s-1 was almost rectangular, with a width of 
almost 100 K. From the DLTS spectra it was estimated that copper silicide precipitates form 
band-like states in the silicon bandgap between Ec-0.15 eV and Ec-0.40 eV [22]. The peak in 
the DLTS spectra was narrower for slower cooling rates. The minority carrier diffusion length 
was below 2.2 µm, 2.6 µm and 13 µm when the cooling rates were about 2000 K·s-1,  
1000 K·s-1 and 200 K·s-1, respectively. Istratov et al. [22] suggested that the high 
recombination activity of copper precipitates is due to the attraction of charge carriers by space 
charge regions around the positively charged precipitates and the defect states close to the mid-
gap. 
 
Copper forms precipitates at crystal defects in silicon [7]. Copper increases the recombination 
activity of crystal defects [33]. Shen et al. [34] reported that copper precipitates were not 
observed at the surface of oxygen precipitates. The copper precipitates were next to the oxygen 
precipitates at dislocations [34]. Correia et al. [35] measured a minority carrier diffusion length 
of 4 µm for a sample with a defect density of 1015 cm-3. The defects were suggested to be 
copper decorated oxygen precipitates. They also found that in stacking faults copper silicide 
particles are more efficient than oxide particles as recombination sites. 
 
2.5 Charge carrier lifetime and copper contamination 
Several studies have concluded that the carrier lifetime in copper contaminated silicon is lower 
in n-type than in p-type silicon [36, 37, 38]. The copper precipitates were confirmed to be the 
reason for the decrease of carrier lifetime in copper contaminated silicon [38, 39]. This 
conclusion was reached from the minority carrier diffusion length dependence on copper 
contamination in p-type silicon. The diffusion length decreased rapidly when the copper 
concentration was more than 1016 cm-3 above the boron concentration. In n-type silicon, the 
minority carrier diffusion length decreased gradually when the copper concentration increased. 
The work of Sachdeva et al. [38] confirmed the importance of the electrostatic effect between 
the positively charged interstitial copper atoms and the copper precipitates on the behaviour of 
copper in silicon. The Coulomb repulsion between the positively charged copper precipitates 
and the positively charged interstitial copper atoms retards copper precipitation in p-type 
silicon. The higher Fermi-level in n-type silicon causes the copper atoms to precipitate more 
easily than in p-type silicon. 
 
Bazzali et al. [14] reported in 1996 that copper was efficiently detected in boron-doped silicon 
containing small oxygen clusters by means of the Elymat technique [40]. The Elymat technique 
was used to determine the minority carrier diffusion length and the surface recombination 
velocity. In copper contaminated samples, the minority carrier diffusion length was lower in 
samples containing small oxygen clusters than in samples without oxygen clusters. In clean 
samples, the diffusion length was almost equal in both kinds of samples. The reaction of 
copper with oxygen defects was recognized as causing minority carrier lifetime decrease also 
in quenched boron doped silicon [38]. However, for a copper concentration of 1013 cm-3 the 
minority carrier lifetime change was small. This indicates that the copper reaction rate with 
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oxygen defects is low at room temperature, because in quenched silicon, for a quenching rate 
of 2000 K·s-1, the defect formation occurs at room temperature. Or at least, the copper reaction 
time constant is larger than the out-diffusion time constant of copper into surfaces. 
 
Henley et al. [8] reported a new phenomenon in 1999. They found that light treatment and low 
temperature heat treatment decrease the minority carrier lifetime permanently in boron doped 
copper contaminated Czochralski silicon. The minority carrier diffusion length was measured 
by means of the surface photovoltage (SPV) technique. The copper contamination was done by 
applying a drop of the copper contamination solution to selected spots on the bare silicon 
surface. The copper was diffused into the bulk in an oxidizing atmosphere. Neither light nor 
heat treatment had any effect on the minority carrier lifetime in phosphorous-doped silicon. 
The heat treatment was done at 200 ºC for 5 minutes. They suggested that the light and heat 
treatments dissociate copper-pairs and forms extended substitutional defects in silicon, which 
have greater recombination activity than the copper-pairs. The suggestion was based on the 
study of Tarasov et al. [13], who found that a light intensity of 0.15 W·cm-2 dissociates copper-
pairs and introduces new energy levels in the lower and the upper part of the bandgap. It was 
also based on the study of Koveshnikov et al. [27], who found that annealing dissociates 
copper pairs and introduces new energy levels in the lower part of the bandgap.  
 
By comparing the DLTS-spectra presented by Tarasov et al. [13] and Koveshnikov et al. [27] 
it can be concluded that annealing causes different copper related energy levels in the bandgap 
than optical activation does. This should mean a quantitatively different carrier lifetime in 
silicon, depending on whether copper contaminated silicon is annealed or optically activated. 
However, Ramappa [9] reported that the minority carrier diffusion length was almost the same 
after light and heat treatments. The minority carrier diffusion length was measured by means of 
the SPV technique. The copper contamination was done by immersing bare silicon wafers in an 
aqueous solution of copper sulfate, and then oxidizing the wafers. A halogen lamp with 
intensities of 2.5 W·cm-2 and 7.5 W·cm-2 was used for the optical activation. It was found that 
the minority carrier diffusion length decreased at a faster rate with a light intensity of 
7.5 W·cm-2 than 2.5 W·cm-2. Furthermore, the diffusion length decreased at a slower rate with a 
light intensity of 7.5 W·cm-2 when the sample temperature was 0 ºC than for a higher 
temperature. It was concluded that the formation of copper defects by optical activation is 
thermally enhanced and the defect formation is accelerated by increasing the light intensity. 
The heat treatments were done between 50 ºC and 300 ºC for 15, 30 and 45 minutes. It was 
reported that the activation energy of copper precipitation is 0.419 eV. Assuming at that time 
an activation energy of copper diffusivity of 0.43 eV, Ramappa [9] concluded that the 
formation of copper defects is a diffusion limited process. Later, the activation energy of 
copper diffusivity was determined to be (0.18±0.01) eV [16]. 
 
Raineri et al. [12] reported that the optical activation did not decrease the charge carrier 
diffusion length in copper contaminated p-type silicon when the implanted copper dose was 
below 1013 cm-2. They concluded that 1013 cm-2 is the surface concentration limit for copper 
detection by means of optical activation in p-type silicon. The diffusion length decreased from 
about 240 µm to about 200 µm due to optical activation when silicon was contaminated with a 
copper dose of 1013 cm-2. Copper diffusion into bulk was done in an oxidizing atmosphere as in 
the studies by Henley et al. [8] and by Ramappa [9].  
 12
 
Tarasov et al. [13] reported that the optical activation decreased the charge carrier diffusion 
length in copper doped silicon from 170 µm to about 10 µm, and from 312 µm to 264 µm 
when the copper doses were 1013 cm-2 and 1012 cm-2, respectively. The copper doped samples 
were either rapid thermal or furnace annealed in a nitrogen atmosphere. Furnace annealed 
samples were quenched. The diffusion length results indicate that the recombination activity of 
copper per implanted copper dose was 200 times higher in samples containing a copper dose of 
1013 cm-2 than 1012 cm-2. In other words, the recombination activity is not linearly dependent 
on the copper concentration. In addition, the diffusion length results indicate that the 
recombination activity of copper was quite low for a copper dose of 1012 cm-2. The 
recombination activity was 1000 times higher in rapidly cooled samples [13] compared to the 
slow cooled samples [12] in copper doped silicon, when the copper dose was 1013 cm-2. The 
copper out-diffusion was not considered in any of these studies [8, 9, 12, 13]. 
 
Mcdonald et al. [41] reported that charge carrier recombination at copper-related defects can be 
modelled using two energy levels. They measured samples containing copper-related defects 
with carrier lifetime spectroscopy, which is lifetime measurement as a function of temperature 
and excess charge carrier concentration. Stewart et al. [42] reported that charge carrier lifetime 
in silicon containing copper-related defects depends on the boron and phosphorous 
concentration. 
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3 Theory 
 
3.1 Charge carrier lifetime 
3.1.1 General 
The charge carrier generation and recombination processes are always present in silicon. 
Recombination lifetime can be thought of as the average time excess carriers exist before 
electron-hole recombination takes place. Generation lifetime can be thought of as the average 
time it takes to generate electron-hole pairs thermally. The impurities and lattice imperfections 
form energy levels in the bandgap, which decrease multiphonon recombination and generation 
lifetimes. Recombination lifetime in moderately doped silicon is dominated by multiphonon 
recombination in the bulk and at the surface, because of the indirect bandgap of silicon. The 
Auger and radiative recombination processes in the bulk silicon are important at high excess 
charge carrier concentrations. The total recombination is a sum of all recombination processes. 
Therefore, in general the measured carrier lifetime is the effective lifetime, which is a 
combination of bulk and surface recombinations. 
 
3.1.2 Multiphonon recombination 
The equations describing generation-recombination through localized energy levels in the 
silicon bandgap were originally derived by Shockley and Read [43] and Hall [44]. The 
multiphonon generation-recombination process is therefore frequently referred to as the 
Shockley-Hall-Read (SHR) generation-recombination. The generation-recombination process 
is characterized by the density of localized energy levels Nt, whose energy is Et within the 
bandgap. 
 
In the electron capture process, an electron falls from the conduction band into an empty 
localized energy level. The process rate is proportional to the density of free electrons n in the 
conduction band and the density of empty localized energy levels. The density of empty 
localized energy levels is given by Nt(1-f(Et)), where 1-f(Et) is the probability that a localized 
energy level is empty when the energy of the localized level is Et, and f(Et) is the probability 
that the localized energy level is occupied by an electron. Thus, the electron capture rate from 
the conduction band is 
 
( )nEfNcR n )(1 ttct −= ,  (3.1) 
 
where cn is the electron capture coefficient in cm3·s-1. 
 
In the electron thermal emission process, an electron is excited from the localized energy level 
into the conduction band due to the thermal energy. The process rate is proportional to the 
density of the occupied localized energy levels. Thus, the electron emission rate is 
 
)( tttc EfNeR n= ,  (3.2) 
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where en is the electron emission constant in s-1. In thermal equilibrium, the probability that a 
quantum state is occupied can be modelled using the Fermi-Dirac distribution function 
 
( ))()(exp1
1
Ft
D kTEE
f
−+
= ,  (3.3) 
 
where EF is the Fermi level. In thermal equilibrium, the electron capture rate equals the 
electron emission rate and the electron emission coefficient is 
 
( ))()(exp tcc kTEENce nn −−= ,  (3.4) 
 
where Nc is the effective conduction band density of states. In the hole capture process an 
electron falls from an occupied localized energy level to the valence band. The hole capture 
rate is proportional to the density of free holes p in the valence band and the density of 
occupied localized energy levels. Thus, the hole capture rate from the valence band is 
 
pEfNcR p )( ttvt = ,  (3.5) 
 
where cp is the hole capture coefficient in cm3·s-1. 
 
In the hole emission process an electron is excited from the valence band into the localized 
energy level due to thermal energy. The process rate is proportional to the density of 
unoccupied localized energy levels. Thus, the hole emission rate is 
 
( ))(1 tttv EfNeR p −= ,  (3.6) 
 
where ep is the hole emission constant in s-1. At thermal equilibrium the hole capture and the 
emission rates are equal and the hole emission coefficient is 
 
( ))()(exp vtv kTEENce pp −−= ,  (3.7) 
 
where Nv is the effective valence band density of states. In an electron-hole recombination 
process through a localized energy level an electron is captured from the conduction band to 
the unoccupied localized energy level, and then a hole is captured from the valence band to the 
occupied localized energy level, or vice versa. 
 
The rate equations describing the electron-hole generation-recombination are 
 
GR
dt
dn
n +−=   (3.8) 
GR
dt
dp
p +−=   (3.9) 
( )
pn RRdt
EfNd
−=
)( tt
  (3.10) 
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where 
 
( ) ( )( ))()()(exp)(1 tttcctttcct EfNkTEENEfnNcRRR nn −−−−=−=  (3.11) 
( ) ( )( ))(1)()(exp)( ttvtvtttvvt EfNkTEENEfpNcRRR pp −−−−=−=  (3.12) 
 
and G is the generation rate of electron-hole pairs due to external excitation. The trapping of 
charge carriers in localized energy levels is taken into account by means of equation (3.10).  
 
In the absence of an electric field charge neutrality is present in semiconductors. Then equation 
 
0tad =+−+− −+ eQnpNN   (3.13) 
 
has to apply, where −aN  is the ionized acceptor dopant concentration, +dN  is the ionized donor 
dopant concentration, and Qt is the charge density in localized energy levels. In an acceptor 
level the charge density is 
 
)( tt/0t EfeNQ −=− .  (3.14) 
 
In a donor level the charge density is 
 
( ))(1 tt0/t EfeNQ −=+ .  (3.15) 
 
The definitions of charge carrier lifetime for excess electrons τn and for excess holes τp are [43] 
 
nn Rn∆=τ and  (3.16) 
pp Rp∆=τ ,  (3.17) 
 
where ∆n and ∆p are excess electron and hole concentrations, respectively. The electron and 
hole concentrations are the sum of thermal equilibrium concentrations and excess 
concentrations 
 
nnn ∆+= 0 ,  (3.18) 
ppp ∆+= 0 ,  (3.19) 
 
where n0 and p0 are thermal equilibrium electron and hole concentrations, respectively. 
 
The general case presented above will be simplified next with the assumption that the trapped 
carrier concentration at a localized energy level does not change much compared to the 
minority charge carrier concentration at non-equilibrium conditions. In this case, the electron 
and hole excess charge concentrations are equal, and the electron and hole lifetime values are 
equal. The validity of this simplification has recently been analyzed by Macdonald et al. [45]. 
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Under steady-state conditions time derivates are zero, and the generation rate of charge carriers 
equals the recombination rate of charge carriers in equations (3.8) and (3.9). In addition, the net 
electron capture rate, which is the electron capture rate minus the electron emission rate, equals 
the net hole capture rate, which is the hole capture rate minus the hole emission rate. Thus, 
 
tvvttcctSS RRRRR −=−= ,  (3.20) 
 
where RSS is the steady-state recombination rate of charge carriers. The electron occupation 
probability at a localized energy level f(Et) under steady-state conditions can be solved from 
equations (3.1), (3.2), (3.5), (3.6) and (3.20) to obtain 
 
( )
( )[ ] ( )[ ])()(exp)()(exp
)()(exp)(
vtvtcc
vtv
tSS kTEENpckTEENnc
kTEENcnc
Ef
pn
pn
−−++−−+
−−+
= . (3.21) 
 
The steady-state recombination rate can be solved by inserting the expressions for the electron 
capture and the electron emission rates and equation (3.21) into equation (3.20) to obtain 
 ( )
( )[ ] ( )[ ])()(exp)()()(exp)( vtv1tcc1
2
it
SS kTEENpckTEENnc
nnpN
R
np −−++−−+
−
=
−−
, 
  (3.22) 
 
where ni is the intrinsic carrier density. Equation (3.22) gives the recombination-generation rate 
for an impurity, which has a single localized energy level. It is assumed that under non-
equilibrium conditions the density of energy levels and the capture and emission coefficients 
are the same as under thermal equilibrium conditions. Equation (3.22) was derived first by 
Shockley and Read [43], and Hall [44]. 
 
The recombination lifetime for a single impurity element from equations (3.16) and (3.22) is 
 
( )[ ]
( )
( )[ ]
( ) .
)()(exp)(
)()(exp)(
00t
vtv0
1
00t
tcc0
1
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npnN
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∆++
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=
−
−
τ
  (3.23) 
 
Equation (3.23) shows that the carrier lifetime is inversely proportional to the density of energy 
levels Nt. 
 
The electron and hole capture coefficients are 
 
nnn vc σ=  and   (3.24) 
ppp vc σ= ,  (3.25) 
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where σn and σp are the electron and hole capture cross-sections and vn and vp are the thermal 
velocities of electrons and holes, respectively. In silicon, the electron thermal velocity is 
2.03×107 cm·s-1 and the hole thermal velocity is 1.68×107 cm·s-1 at 300 K [46]. 
 
3.1.3 Intrinsic recombination 
Kerr and Cuevas [47] presented recently the expression for the intrinsic recombination rate at 
silicon 
 
,scm    )105.9103106108.1( 1-3-158.02765.002565.0024
radAugerintrinsic
⋅×+∆×+×+×=
+=
−−−−
npnnp
RRR
 (3.26) 
 
where RAuger is the Auger recombination rate and Rrad is the radiative recombination rate. The 
intrinsic carrier lifetime τintrinsic from (3.26) is 
 
)105.9103106108.1( 158.02765.002565.0024intrinsic −−−− ×+∆×+×+×
∆
=
npnnp
n
τ   s.  (3.27) 
 
The electron and hole densities should be inserted in cm-3 in equations (3.26) and (3.27). 
 
3.1.4 Bulk lifetime 
The total excess charge carrier recombination is the sum of all recombination processes. 
Therefore, the recombination lifetime in bulk silicon τb is 
 
∑++=
i iττττ
1111
extendedintrinsicb
,  (3.28) 
 
where τi is the indirect recombination lifetime from equation (3.23) for different recombination 
energy levels, and τextended is the recombination lifetime for extended recombination sites in 
silicon. 
 
3.1.5 Surface recombination 
The silicon surface contains silicon atom dangling bonds, which form energy levels, called 
interface states, in the silicon bandgap. 
 
The process of carrier recombination at interface states is called surface recombination. The 
carrier recombination rate at interface states per surface area is [48] 
 
),(),( ssssS pnSnpnR ∆= ,  (3.29) 
 
where S is the surface recombination velocity, which depends on the electron ns and hole ps 
concentrations at the interface, the interface state distribution in the bandgap and the interface 
 18
state capture cross-sections. A comprehensive study of the surface recombination process has 
been presented by Otaredian [49] and Schuurmans [50].  
 
The surface recombination can be minimized effectively by annealing in forming gas after a 
thermal oxidation, by a post-metallization aluminum anneal [51], by a plasma enhanced 
chemical vapour deposited silicon nitride film [52], by a chemical surface passivation with 
iodine-ethanol [53], by an in-situ immersion in HF [54], by a corona charge [55] and by an 
external electric field [56]. The thermal silicon dioxide with corona charge [55] and in-situ 
immersion in HF [54] produce the lowest surface recombination velocities. A surface 
recombination velocity below 1 cm·s-1 has been reported [54, 55]. The corona charge can be 
used to change the electron and hole densities at the surface. Under accumulation or inversion 
conditions the surface contains only one type of charge carrier in high concentration, which 
results in a low surface recombination rate because the electron-hole recombination needs both 
electrons and holes. 
 
3.1.6 Effective lifetime 
The effective carrier lifetime is a combination of bulk and surface recombinations, which 
depend on the spatial distribution of electron and hole concentrations. The carrier concentration 
distributions in silicon can be solved with the continuity equations [57] 
 
nn
e
RG
t
n J⋅∇+−=
∂
∂ 1
 and  (3.30) 
pp
e
RG
t
p J⋅∇−−=
∂
∂ 1
,  (3.31) 
 
where Jn and Jp are the electron current density and the hole current density, respectively. The 
boundary conditions at the silicon surface are 
 
),( ssS pneRn −=⋅ nJ  and  (3.32) 
),( ssS pneRp =⋅ nJ ,  (3.33) 
 
where n  is the surface normal vector. 
 
In the general case the continuity equations can only be solved numerically. An analytical 
solution can be found for low excess charge carrier concentrations. Otaredian [49] presented a 
solution in Cartesian coordinates for a homogeneous wafer, Storgårds [58, 59] presented a 
solution in cylindrical coordinates for a homogeneous wafer and Väinölä [60, 61, 62] presented 
a solution in one dimension for a two-layer wafer. 
 
In transient measurements, e.g. microwave photoconductive decay, the carrier lifetime is 
determined from the time dependence of excess charge carriers. The solution for the continuity 
equation (3.30) after the pulse excitation with surface recombination boundary conditions 
(3.32) is, after integration [63], 
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where the coefficients Am depend on the initial conditions at time zero, and τm are the decay 
time constants. Only one decay time constant dominates after the diffusion time [63] 
 
a
2
2
diff D
T
π
τ = ,  (3.35) 
 
where Da is the charge carrier ambipolar diffusivity and T is the thickness of the sample. The 
diffusion time, from equation (3.35), is 20 µs when the thickness of the wafer is 525 µm, and 
the excess carrier concentration is 1016 cm-3, which causes an ambipolar diffusivity of  
15 cm2·s-1 in silicon [64]. After the diffusion time, the dominant time constant of decay in 
equation (3.34) is given approximately by [48] 
 
T
S211
beff
+=
ττ
,  (3.36) 
 
where τb is the bulk lifetime given by equation (3.28). Equation (3.36) is accurate to within 4 % 
for surface recombination velocity conditions [65] 
 
T
DS
4
a< .  (3.37) 
 
The surface recombination velocity should be below 70 cm·s-1, when the thickness of the wafer 
is 525 µm and the ambipolar diffusivity is 15 cm2·s-1. Equation (3.36) can be used when 
analyzing the effective carrier lifetime of samples containing silicon dioxide layers and corona 
charge, because then the surface recombination velocity is below 1 cm·s-1 [55]. 
 
The surface recombination velocity of 1 cm·s-1 limits the measurable effective lifetime to 
below 26 ms, which is calculated from equation (3.36) with a wafer thickness of 525 µm. The 
intrinsic lifetime due to the Auger and the radiative recombination processes is 3.1 ms at an 
excess carrier concentration of 1016 cm-3, when the boron-doping concentration is  
6.1×1014 cm-3. The intrinsic lifetime was calculated from equation (3.27). Thus, the intrinsic 
recombination is important compared to the surface recombination under excess carrier 
concentration conditions above 1016 cm-3. 
 
3.1.7 Low-injection-level lifetime 
The low-injection level lifetime τLL is frequently calculated from equation 
 
LLτnn DL = ,  (3.38) 
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where Ln is the measured minority charge carrier diffusion length and Dn is the diffusivity of 
the minority charge carriers. Under low injection conditions, the excess charge carrier 
concentration is negligible compared to the majority carrier concentration. The low-injection 
level lifetime is frequently used to estimate the minority carrier capture cross-section of 
recombination sites from equation 
 
thLLt
1
vNn τ
σ = ,  (3.39) 
 
where Nt is the measured or estimated concentration of recombination centers, and the carrier 
thermal velocity vth is approximated to be 107 cm-3. Equation (3.39) can be derived from 
equation (3.23) for low excess charge carrier concentrations with the assumption that the 
localized energy level is near the middle of the bandgap. 
 
3.2 µPCD technique 
3.2.1 Time constant of decay 
In the microwave photoconductive decay (µPCD) technique the reflected microwave power 
from a silicon wafer is measured. The microwave reflection coefficient depends on the 
conductivity of silicon. Adjusted properly the reflected microwave power is proportional to the 
conductivity of silicon. In the µPCD equipment that was used in this study the proportionality 
is ensured by adjusting the microwave frequency. The silicon conductivity σ depends on the 
electron and hole concentrations as [48] 
 ( ))()()( tptnet pn µµσ += ,  (3.40) 
 
where µn and µp are the electron and hole mobilities, respectively. Therefore, the change in the 
carrier concentration in silicon can be monitored by measuring the reflected microwave power.  
 
In µPCD measurements excess conductivity is generated with a light pulse and the 
conductivity transient is measured. The time constant of decay is determined by fitting a mono 
exponential function to the measured conductivity transient. Thus, the carrier lifetime 
determined with the µPCD technique τPCD can be written as 
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where ∆σ is the excess conductivity. The excess hole and electron concentrations are 
approximately equal when the charge carrier trapping is negligible, and equation (3.41) reduces 
to 
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Equation (3.42) includes the assumption that the change of carrier mobility due to the change 
of hole and electron concentrations is negligible. Equation (3.42) shows that the time constant 
of the conductivity transient is equal to the time constant of the excess charge carrier 
concentration. 
 
3.2.2 Differential effective lifetime 
Schmidt [66] proved experimentally the theoretical finding that the carrier lifetime determined 
by using the light-biased µPCD technique is the differential effective lifetime, when the excess 
carrier concentration generated by the probe light is small compared to the concentration 
generated by the bias-light. The differential effective lifetime is [67] 
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where the excess charge carrier concentration ∆nss is determined by the bias-light intensity. 
 
The effective lifetime can be determined by integrating the differential effective lifetimes over 
the bias-light intensities [67] 
 
∫= P dppP 0 eff.deff )(
1
ττ ,  (3.44) 
 
where P is the light power density of bias-light. Equation (3.44) shows that the differential 
lifetime equals the effective lifetime when the effective lifetime does not depend on the excess 
carrier concentration. 
 
3.3 Precipitation kinetics 
3.3.1 Fixed radius 
Ham [68] described the theory of diffusion-limited precipitation from a supersaturated solution. 
The precipitation is driven by the supersaturation of solute impurities. Ham calculated the time-
dependence of the unprecipitated fraction of the excess solute. In the following it is assumed 
that the density of precipitates is a constant during the precipitation process, the initial impurity 
concentration is uniform, the radius of the precipitates is much smaller than the distance 
between precipitates, and the precipitates are spherical. The radius of the precipitates is 
approximately constant at the end of the precipitation process, when over half of the solute has 
precipitated. The solution for the solute concentration using these assumptions is [68] 
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( ) ( ) SS ctcctc +−−= 00 exp)( τ ,   (3.45) 
 
where c  is the average solute impurity concentration, c0 is the initial impurity concentration 
before precipitation, cS is the impurity solubility at the silicon-precipitate interface and t is the 
precipitation time. The precipitation time constant τ0 is [68] 
 
nrDπ
τ
4
1
0 = ,   (3.46) 
 
where n is the density of the precipitates, r is the effective radius of the precipitates and D is 
the impurity diffusivity. The precipitated impurity concentration cprec is the same as the change 
in the solute concentration  
 
)()( 0prec tcctc −= .  (3.47) 
 
It should be emphasized that equation (3.47) includes the assumption that the impurity 
concentration decreases only through precipitation. The impurity out-diffusion is excluded. The 
precipitated impurity concentration from equations (3.45) and (3.47) is 
 
( ) ( )( )00prec exp1)( τtcctc S −−−= .   (3.48) 
 
3.3.2 Growing radius 
The analytical solution described by Ham [68] for the time-dependence of the unprecipitated 
fraction of the excess solute is complex. Therefore, Hieslmair et al. [69] have presented an 
iterative method that takes into account the increase of the radius of the precipitates. The 
change of the solute impurity concentration c∆  at time interval ∆t is [69] 
 
( ) ( )( )0exp1)()()()( τttcctcttctc S ∆−−−=−∆+=∆∆ ,  (3.49) 
 
where the precipitation time constant τ0 is the time constant of the fixed radius solution from 
equation (3.46). The precipitated impurity concentration in spherical precipitates is  
 
ρπ ntrtc 3prec )(3
4)( = ,  (3.50) 
 
where ρ is the density of the impurities in the precipitate. Thus, a change in the radius of the 
precipitates in the time interval ∆t causes a change of the impurity concentration [69] 
 
( ) ρπ nttrtrtc 33 )()(
3
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The radius of the precipitates increases during the time interval ∆t. From equation (3.51) the 
radius is [69] 
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The solute concentration dependence on the precipitation time is calculated iteratively from 
(3.49) and (3.52). The precipitated impurity concentration is calculated from equation (3.47). 
 
3.3.3 Density and radius of defects 
The precipitation time constant gives information about the precipitates. The nr product of the 
precipitates can be determined from the precipitation time constant, when the impurity 
diffusivity is known. The density and the radius of the precipitates can be determined from the 
precipitation time constant and the precipitated impurity concentration. The radius and the 
density of the spherical precipitates from equations (3.46) and (3.50) are 
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3.4 Recombination at precipitates 
The electrical properties of the light-induced copper precipitates are not known. Therefore, the 
energy levels or the carrier capture cross-sections are not used in this study in the 
recombination models for copper precipitates. 
 
3.4.1 Volume recombination model 
The simplest model is the one that is called the volume recombination model in this work. The 
steady-state charge-carrier recombination rate RSS in the copper precipitates is modelled as 
 
precprecprec cknR ∆= ,  (3.55) 
 
where Rprec is the recombination rate at the copper precipitates and kprec is a proportionality 
factor. Equation (3.55) defines the volume recombination coefficient kprec. In SHR-
recombination statistics the capture coefficient is the counterpart for the quantity kprec. 
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It should be noted that the recombination rate at the volume recombination model does not 
depend on the radius of the precipitates but on the total precipitated impurity concentration. 
However, the precipitation time constant depends on the density and the radius of precipitates. 
The recombination rate dependence on the precipitation time from equations (3.50) and (3.55) 
is 
 
ρπ ntrkntR 3precprec )(3
4)( ∆= .  (3.56) 
 
In the fixed radius approximation the recombination rate dependence on the precipitation time 
from equations (3.48) and (3.55) is 
 
( ) ( )( )0S0precprec exp1)( τtcckntR −−−∆= .  (3.57) 
 
3.4.2 Surface recombination model 
The second model is in this work called the surface recombination model. The charge carrier 
recombination rate is modelled to be linearly proportional to the surface area of the 
precipitates. The surface recombination rate is derived from equation (3.29) by multiplying it 
with the surface area of the precipitates 
 
ntrSntR 2prec
S
prec )(4)( π∆= ,  (3.58) 
 
where Sprec is the surface recombination velocity at the precipitate surface. Equation (3.58) can 
be also derived from the equations presented by Hwang et al. [70]. The diffusion time of the 
charge carriers is neglected in equation (3.58). The diffusion time is negligible, if D>>Sprec r 
[70]. 
 
3.4.3 Comparison of recombination models 
The volume and surface recombination models are compared in Figure 3.1. The recombination 
rate is shown as a function of precipitation time. Table 3.1 shows the equations and the values 
used for the calculations. The volume recombination coefficient kprec and the surface 
recombination velocity Sprec were fitted to achieve almost equal maximum recombination rates. 
The density of the precipitates was treated as the fitting parameter in the growing radius 
models. 
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Figure 3.1: The recombination rate at the precipitates as a function of precipitation time. Table 
3.1 shows the values and equations used for calculation. 
 
Table 3.1: The values and equations used to calculate the recombination rate as a function of 
precipitation time, as shown in Figure 3.1. The density of impurity atoms in the precipitates is 
the density of copper atoms in Cu3Si precipitates, which have a molecular volume of 46 Å3 [7, 
71]. This gives the density of copper atoms in the precipitate as 6.52×1022 cm-3. The diffusivity 
is the effective diffusivity of copper from equation (2.2) in boron doped silicon at a 
concentration of 6.1×1014 cm-3 at 297 K. 
 
quantity unit Model 
  volume, r fixed volume, r growing surface rec. 
Rprec(t) cm-3·s-1 Eq. (3.57) Eq. (3.56) Eq.(3.58) 
r(t=0) cm 2.9×10-7, eq. (3.53) 10-8 10-8 
r(t) cm 2.9×10-7, eq.(3.53) Growing Growing 
τ0 s 2142 - - 
n cm-3 1.0×109, eq. (3.54) 2.4×109, fitted 1.4×109, fitted 
D cm2·s-1 1.28×10-7 1.28×10-7 1.28×10-7 
c0 cm
-3
 6.5×1012 6.5×1012 6.5×1012 
cS cm
-3
 0 0 0 
kprec cm3·s-1 1.04×10-9, fitted 1.0×10-9, fitted - 
Sprec cm·s-1 - - 5.7×106, fitted 
∆n cm-3 1016 1016 1016 
ρ cm-3 6.52×1022 6.52×1022 6.52×1022 
 
Figure 3.1 shows that the recombination rate dependence on the precipitation time is almost 
identical in the fixed radius volume recombination model and the surface recombination 
 26
model. Therefore, the surface recombination can be modelled quite accurately using one time 
constant. The density of the precipitates in the surface recombination model is 21/2 times the 
density of the precipitates in the fixed radius model. The final radius of the precipitates in the 
surface recombination model has to be 2-1/6 times the final radius of precipitates in the fixed 
radius model in order to give the same result for the total precipitated impurity concentration. 
Thus, the radius and the density of the precipitates can be approximated in the surface 
recombination model quite accurately from equations 
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Equations (3.59) and (3.60) were derived from equations (3.53) and (3.54) by multiplying them 
with the factors mentioned. 
 
 
3.4.4 Volume recombination at two kinds of defects 
The charge carrier recombination at the volume of the copper precipitates is modelled using 
two kinds of recombination sites, called precipitates at oxygen defects and precipitates at 
microscopic lattice defects. In this model the total precipitated impurity concentration is  
 
prec2prec1prec ccc += ,  (3.61) 
 
where cprec1 is the concentration of impurity atoms precipitated at oxygen defects and cprec2 is 
the concentration of impurity atoms precipitated at microscopic lattice defects. 
 
The recombination rate at precipitates at oxygen defects is  
 
prec1prec1prec1 cknR ∆= ,  (3.62) 
 
where kprec1 is the volume recombination coefficient of impurity atoms precipitated at oxygen 
defects. Equation (3.62) defines the quantity kprec1. The recombination rate at the precipitates at 
microscopic lattice defects is 
 
prec2prec2prec2 cknR ∆= ,  (3.63) 
 
where kprec2 is the volume recombination coefficient of impurity atoms precipitated at 
microscopic lattice defects. Equation (3.63) defines the quantity kprec2. The total recombination 
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rate at precipitates is the sum of the recombination rates of both precipitates. The total 
recombination rate from equations (3.62) and (3.63) is 
 ( )prec2prec2prec1prec1prec ckcknR +∆= .  (3.64) 
 
The precipitated impurity concentrations at oxygen defects and at microscopic lattice defects 
from equations (3.61) and (3.64) are 
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and 
 
prec1precprec2 ccc −= .  (3.66) 
 
3.4.5 Surface recombination at two kinds of defects 
The charge carrier recombination at the surface of the precipitates is modelled using two kinds 
of recombination sites, called precipitates at oxygen defects and precipitates at microscopic 
lattice defects. In this model, the total density of the precipitates n is 
 
prec2prec1 nnn += ,  (3.67) 
 
where nprec1 is the density of the precipitates at oxygen defects and nprec2 is the density of the 
precipitates at microscopic lattice defects. The recombination rate from equation (3.58) is 
 ( )prec2prec2prec1prec12Sprec 4 SnSnrnR +∆= π ,   (3.68) 
 
where Sprec1 is the surface recombination velocity at precipitates at oxygen defects and Sprec2 is 
the surface recombination velocity at precipitates at microscopic lattice defects. Equation 
(3.68) was derived with the assumption that copper precipitates have the same radius at oxygen 
defects as at microscopic lattice defects. 
 
The densities of the precipitates at oxygen defects and at microscopic lattice defects from 
equations (3.67) and (3.68) are 
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and 
 
prec1prec2 nnn −= .  (3.70) 
 28
4 Experimental 
 
4.1 Wafers 
The samples were single side polished Czochralski grown silicon wafers, with a thickness of 
525 µm, a diameter of 100 mm and a {100} orientation. The resistivities of boron-doped 
wafers were 10 Ω·cm and 22 Ω·cm, and of phosphorous-doped wafers were 3 Ω·cm. The 
influence of oxygen defects on the optical activation of copper was studied using wafers with a 
resistivity of 22 Ω·cm and an as-grown interstitial oxygen concentration slightly above  
14 ppma (ASTM F 1188-93a) before the oxygen precipitation anneals. The resistivities of 
boron-doped silicon were selected to be 10 Ω·cm or more, because light decreases carrier 
lifetime in clean boron-doped Czochralski silicon if the resistivity is near or under 1 Ω·cm  
[72, 73]. It has been proposed that this is a result of boron-oxygen complexes formed by light 
[72, 73]. 
 
4.2 Thermal oxidation 
The wafers were pre-oxidized at 1050 ºC for 15 minutes to diminish the effect of the thermal 
history of the wafer and to form a protective silicon dioxide layer on the surface of the wafers. 
However, the wafers used for TXRF measurements were oxidized at only 900 ºC for 15 
minutes and annealed for 15 minutes in order to decrease the process time in the vapour phase 
decomposition (VPD) process. Table 4.1 and Table 4.2 show the oxidation processes.  
 
Table 4.1: Oxidation process DRYO1050 
 wafers in at 800 ºC (10 % O2) 
 stabilization for 1 min (10 % O2) 
 ramp up to 1050 ºC, rate 15 ºC/min (10 % O2) 
 stabilization for 3 min (10 % O2) 
 oxidation time for 15 min (O2) 
 stabilization for 0 min (N2) 
 ramp down to 800 ºC, rate 4 ºC/min (N2) 
 stabilization for 0 min (N2) 
 wafers out at 800 ºC (N2) 
 pull-out speed 25 cm/min (pull-out length 149 cm). 
 
The thickness of the silicon dioxide layer was 28 nm after oxidation at 1050 ºC and 8 nm after 
oxidation at 900 ºC. The thickness was measured using an ellipsometer, with a light 
wavelength of 632.8 nm. A refractive index of 1.465 for silicon dioxide and 3.87-i0.017 for 
silicon were used in the ellipsometer analysis. 
 
Small oxygen precipitates were grown using a two-step thermal treatment process [74]. The 
nucleation of the oxygen precipitates was done in a nitrogen ambient at 625 ºC for 2, 3, 4 or 16 
hours. This was followed by the growth stage of the precipitates in a nitrogen ambient at  
800 ºC for 4 hours. Separate samples without a copper contamination were processed for 
scanning infrared microscope (SIRM) measurements to determine the oxygen defect density. 
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The SIRM-samples were annealed at 1000 ºC for 4 hours with a ramp-rate of 1 ºC/min in order 
to increase the size of the oxygen precipitates after the anneal at 800 ºC. 
 
Table 4.2: Oxidation process DRYOX2 
 wafers in at 800 ºC (10 % O2) 
 stabilization for 10 min (10 % O2) 
 ramp up to 900 ºC, rate 8 ºC/min (10 % O2) 
 stabilization for 0 min (10 % O2) 
 oxidation time for 15 min (O2) 
 annealing time for 15 min (N2) 
 ramp down to 800 ºC, rate 4 ºC/min (N2) 
 stabilization for 5 min (N2) 
 wafers out at 800 ºC (N2) 
 pull-out speed 25 cm/min (pull-out length 149 cm). 
 
4.3 Copper surface contamination 
Copper was chemically deposited on the oxide-covered wafer surfaces by immersing them in a 
diluted copper-sulfate solution with a copper content from 0.3 ppb to 20 ppm. A polypropylene 
sink was used as a solution container. First 1 liter of DI-water was put in the sink and the 
copper solution was added, then 2 liters of DI-water were added using a DI-water pistol so that 
the copper would mix in the solution. After a 10-minute wait wafers were immersed in the 
solution. The wafers were placed in every second slot in a wafer cassette and the immersion 
time was 1 hour. The wafers were dried using a nitrogen flow. The sink was cleaned before the 
first use by filling the sink with a solution 1 (HCl:H2O 1:30) and a solution 2 (HNO3:H2O 
1:100), separately. The solutions were stored in the sink over night. The sink was cleaned 
before every use by rinsing with DI-water and by filling the sink with a standard clean 1 
solution (NH4OH:H2O2:H2O 1:1:5) and a solution 3 (HCl:H2O2:H2O 1:1:30), separately. 
 
4.4 Copper in-diffusion 
The copper in-diffusion from the surface of the silicon dioxide layer into the bulk silicon was 
done in a furnace tube that had been reserved for copper contaminated wafers. Table 4.3 shows 
the in-diffusion process. 
 
Table 4.3: Copper in-diffusion process CU800N. 
wafers in at 300 ºC (N2) 
stabilization for 0 min (N2) 
ramp up to 800 ºC, rate 8 ºC/min (N2) 
stabilization for 0 min (N2) 
annealing time for 20 min (N2) 
stabilization for 0 min (N2) 
wafers out at 800 ºC (N2) 
pull-out speed 25 cm/min (pull-out length 148 cm). 
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The loading temperature of wafers into the furnace was 300 ºC in order to avoid the 
evaporation of copper from the sample surface as much as possible. 
 
4.5 Corona charge generation 
The corona charge generator consists of a grounded metal plate, which is the sample holder, 
and a sharp metal tip above the sample. The metal tip is biased to a high voltage, which can be 
selected to be plus or minus 15 kV. The high electric field at the tip ionizes air molecules into 
CO3- and H3O+ [75]. The electric field between the tip and the metal plate drive one species of 
ions into the sample surface depending on the polarity of the voltage. The thickness of the 
silicon dioxide layer should be over 7 nm in order to prevent electron tunnelling through the 
oxide layer. 
 
A surface charge density of 1 µC·cm-2 or –1 µC·cm-2 was deposited on the wafer surface 
depending on the aim of the experiment. A positive surface charge was used to prevent copper 
out-diffusion, and a negative surface charge to maximize the out-diffusion. A high surface 
charge density was used to eliminate the possibility of significant out-diffusion of copper 
during high intensity optical activation or storage. It was calculated using a PC1D device 
simulator [76] that the surface band bending was about 0.2 eV when the light intensity was 
over 25 W·cm-2 and the surface charge density was 1 µC·cm-2. The surface band bending was 
about 0.8 eV without light when the surface charge density was 1 µC·cm-2. 
 
4.6 Optical activation 
The optical activation of copper was carried out using a continuous laser light, with a 
wavelength of 973.5 nm. The spot size was about 1 mm2. The light intensity was over  
25 W·cm-2 in most optical activations. It should be noted that UV light is not suitable for 
optical activation, because UV light increases surface recombination by forming surface states 
at the silicon-silicon dioxide interface [77]. The optical activation was carried out with the 
same bias-light source that was used to adjust excess carrier concentration levels during 
lifetime measurements. 
 
4.7 Charge carrier lifetime measurement equipment 
The excess carrier recombination lifetime was measured under high injection level conditions 
using the standard microwave photoconductive decay technique (µPCD) (Semilab) [78]. Under 
high injection level conditions, the carrier lifetime depends weakly on the excess charge carrier 
concentration. The surface recombination is low at an oxidized silicon surface containing 
corona charge under high excess charge carrier conditions. Therefore, the measured lifetime 
did not deviate much from differential bulk lifetimes. The kinetics of charge carriers during 
measurements was described in chapter 3. Figure 4.1 shows the schematic of the equipment 
used for carrier lifetime measurements. A pulsed laser light, with a wavelength of 904 nm and 
a pulse length of 200 ns, was applied for the excitation of the excess carriers together with a 
continuous bias-light. Carrier recombination taking place after application of the pulsed light 
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causes a photoconductive decay, which was recorded by time-resolved measurements of the 
microwave power reflected from the silicon wafer. The frequency of the microwave radiation 
was 10.043 GHz. The time constant of the decay was determined with a mono exponential fit 
to the photoconductive decay and interpreted as being the recombination lifetime. The pulsed 
light and bias-light were concentrated at a spot of about 1 mm2. The injected photons per pulse 
were 1.2×1015 cm-2. The interval of the light pulses was over 10 times the charge carrier 
lifetime when the lifetime was below 2 ms. The maximum selectable interval was 20 ms. The 
bias-light intensity was adjusted manually by means of an attenuator to keep the amplitude of 
transient equal in the different measurements in order to reach a steady-state excess carrier 
concentration ∆n=(6±1)×1015 cm-3. The measurement apparatus was installed in an ambient 
temperature of 22 ºC. The sample temperature was 23-27 ºC during lifetime measurements and 
during prolonged optical activation exposure. The prolonged optical activation increased the 
sample temperature no more than 3 ºC. The temperature was measured using a thermocouple 
attached to the surface of a test wafer. 
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Figure 4.1: The schematic of equipment used for carrier lifetime measurements. 
 
4.8 Determination of recombination rate 
The total recombination rate is the sum of recombination rates at light-induced copper 
precipitates, RCu, and at other defects, Rothers as 
 
othersCu )()( RtRtR += .  (4.1) 
 
In addition to copper, surface defects at the silicon-silicon dioxide interface, oxygen defects, 
and iron related defects cause recombination. High intensity light dissociates iron-boron pairs 
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in silicon. This decreases the recombination activity of iron under high excess carrier 
concentration conditions. The recombination rate of other defects reaches their minimum value 
when the maximum lifetime value is reached. After that, the recombination rate of other 
defects is constant as long as the iron atoms are at interstitial positions. However, the measured 
lifetime depends on the excess charge carrier concentration. Therefore, the excess charge 
carrier concentration was adjusted for the lifetime measurement by means of the bias-light. The 
recombination rate due to light-induced copper precipitates is small when the maximum 
lifetime value is reached, because the dissociation rate of iron-boron pairs is faster than the 
precipitation time constant of copper. This is because iron atoms diffuse only atomic distances 
while copper atoms diffuse macroscopic distances. Thus, the maximum measured lifetime τmax 
approximately gives the recombination rate of other defects 
 
max
others τ
nR ∆= .  (4.2) 
 
The copper related recombination rate RCu from equations (4.1) and (4.2) is 
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where n∆  is the excess charge carrier concentration, τmax is the measured maximum charge 
carrier lifetime and τ(t) is the measured charge carrier lifetime after optical activation time t. In 
this work, the copper related recombination rate was determined using equation (4.3) with the 
excess charge carrier concentration value of 1016 cm-3. 
 
4.9 Determination of the precipitation time constant and the saturation of 
the recombination rate 
The precipitation time constant and the saturation value of the light-induced copper related 
recombination rate were determined by fitting the exponential curve to experimentally 
determined recombination rates, which were determined from equation (4.3). The exponential 
curve was 
 
))/exp(1()( AACu tRtR −−= ,   (4.4) 
 
where RA is the saturation of the copper related recombination rate and τA is the precipitation 
time constant. These are the fitting parameters. The fitted curve was weighted by the last 
measurement points when the radius of the precipitates did not change much. The fitting was 
done by minimizing the difference between the values determined from equation (4.3) and the 
values calculated from equation (4.4). 
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4.10 TXRF 
The surface concentration of copper on silicon wafers was measured using total reflection X-
ray fluorescence spectroscopy (TXRF) (Atomika, TXRF8030W) with a W X-ray tube and 
SiLi-detector at Okmetic Oyj. Sample preparation was performed with a vapour phase 
decomposition (VPD) droplet collection system (GeMeTec, PADScan). In the VPD system the 
SiO2 layer is decomposed by HF vapour in a teflon chamber with open HF containers. A 
sample is collected from the wafer surface by scanning a droplet over the wafer. Finally, the 
droplet is dried on the wafer surface for TXRF analysis. The VPD technique was used to 
collect metal impurities from a large surface area to a single spot in order to increase the 
detection sensitivity. Wafers that had high surface contamination were not measured because 
of the risk of contaminating the facility. The wafers for TXRF analysis and lifetime analysis 
were contaminated in the same batch. It was not possible to measure charge carrier lifetime in 
the wafers analyzed by TXRF. 
 
4.11 TID 
Interstitial copper concentration in bulk silicon was determined using the transient ion drift 
(TID) method at Lawrence Berkeley National Laboratory at the University of California. In the 
TID-measurement, an external reverse pulse is used to drift positive charged interstitial copper 
to the edge of a depletion region and the change in the capacitance is measured. The interstitial 
copper concentration is calculated from the measured capacitance change. The details of the 
measurement technique can be found elsewhere [6]. The TID measurements were only done 
for a few wafers that had first been measured with µPCD. 
 
4.12 SIRM 
The oxygen defect densities were determined using the scanning infrared microscope technique 
(SIRM) (Semilab, SIRM-300) at the Laboratory of Physical Metallurgy and Materials Science 
at Helsinki University of Technology. The sizes of the oxygen defects were increased in the 
SIRM-samples by means of an additional anneal in order to increase the light scattering 
intensity from the oxygen defects. The oxygen defect density value was taken from values 
measured at a depth of 40-60 µm from the surface. 
 
4.13 SPV 
The charge carrier diffusion length under low excess charge carrier conditions was measured 
using the surface photovoltage technique (SPV) (Semilab). The principle of this technique can 
be found elsewhere [79]. The diffusion length was measured for a few samples in order to 
determine the ratio between the carrier lifetimes measured under low and high excess charge 
carrier concentration conditions. 
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5 Results and discussion 
 
5.1 Copper concentration 
The copper surface concentration of silicon wafers was measured by means of the total 
reflectance X-ray fluorescence (TXRF) technique. Table 5.1 presents the copper surface 
concentration results. 
 
Table 5.1: The copper surface concentration of copper contaminated and reference wafers. 
Boron doped single side polished oxidized wafers were used. The first column shows the 
processes after the oxidation. The lot number separates different contamination batches. The 
ppb value is the copper content in the contamination solution and the text 800 ºC means that in-
diffusion heat treatment has been done after contamination. The second column is the 
measured copper surface concentration. 
 
Process 
 
Copper 
1010 cm-2 
Reference 1.3 
0.3 ppb 2.5 
1 ppb 8.6 
3 ppb + 800 ºC [Lot B1] 9.3 
3 ppb [Lot B4] 13.8 
3 ppb [Lot B4] 10.7 
3 ppb + 800 ºC [Lot B4] 4.3 
 
By comparing the surface copper concentration before and after the in-diffusion heat treatment 
it was deduced that the surface copper contamination diffused from the sample surface into the 
bulk silicon. Before in-diffusion the copper surface concentration of two 3 ppb samples in Lot 
B4 were 13.8×1010 cm-2 and 10.7×1010 cm-2, resulting in the average value of 12.2×1010 cm-2. 
After the in-diffusion the copper surface concentration of the other 3 ppb sample in Lot B4 was 
4.3×1010 cm-2. Thus, the copper surface concentration decreased by 8×1010 cm-2 during the heat 
treatment, which is 64 % of the surface copper concentration before the heat treatment. This 
percent value was also used when the in-diffused copper concentration was calculated for other 
samples. The unpolished side of a wafer can contain a higher surface copper concentration than 
the polished side, because of its larger surface area. However, the TXRF analysis was done 
only on the polished side of the wafer due to higher sensitivity on that side. Table 5.2 presents 
the in-diffused copper concentrations determined from the TXRF-results presented in Table 
5.1. The bulk concentration was calculated by dividing the estimated in-diffused copper 
concentration by the thickness of the wafer. 
 
The interstitial copper bulk concentration in a few silicon samples was measured using the 
transient ion drift (TID) method. Table 5.2 presents the TID results. 
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Table 5.2: The estimated and measured copper concentrations in bulk silicon. The number in 
the sample name identifies the anneal time in hours at 625 ºC. The TXRF column is the 
estimated in-diffused copper concentration from the TXRF-results. The TID column is the 
interstitial copper concentration measured using the TID technique. The analysis column is the 
copper concentration used for calculations in this work. The copper concentration for samples 
B2 and M16 is the average value of samples A0 and G4, which were contaminated in the same 
batch. The error limits in the TID-results were determined to be 10 %. The error limits in the 
TXRF-results were estimated to be 20 %. 
 
sample copper concentration cm-3 
 TXRF TID analysis 
A0  5.0E+12 5.0E+12 
B2   3.9E+12 
C3 6.5E+12  6.5E+12 
D4 3.0E+11  3.0E+11 
E4 6.0E+11  6.0E+11 
H4 6.5E+12 1.7E+12 1.7E+12 
J4 2.1E+12 2.1E+12 2.1E+12 
G4  2.7E+12 2.7E+12 
F4 6.5E+12  6.5E+12 
K4  1.3E+13 1.3E+13 
L16 3.0E+11  3.0E+11 
M16   3.9E+12 
 
5.2 Oxygen defect density 
The density of the oxygen defects was measured using a scanning infrared microscope (SIRM). 
The measured absolute density value of oxygen defects was not accurate. However, the results 
indicated that the sample contained a higher density of oxygen defects when the anneal time at 
625 ºC was increased. The density of the oxygen defects was 7×107 cm-3, 5×108 cm-3, and 
above 2×109 cm-3 in samples, which underwent a 3 h, 4 h and 16 h anneal at 625 ºC, 
respectively. The density of oxygen defects in the sample, which was annealed 16 hours, was 
above the analysis limit. Thus, 2×109 cm-3 is the minimum value for the oxygen defect density 
for samples annealed for 16 hours. 
 
5.3 Carrier lifetime 
5.3.1 Carrier lifetime dependence on copper contamination level 
The charge carrier lifetime was measured by means of the microwave photoconductive decay 
(µPCD) technique. Figure 5.1 presents the lifetime results, which were measured without using 
the bias-light before the optical activation. 
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Figure 5.1: The measured average charge carrier lifetime in p-type and n-type silicon. The 
copper contamination level was varied by changing the copper content in the DI-water used for 
the contamination. The reference wafers were not intentionally copper contaminated. The 
charge carrier lifetime was determined under excess charge carrier concentration conditions 
from 1015 cm-3 to 3×1015 cm-3. 
 
Figure 5.1 shows that the charge carrier lifetime in p-type silicon increased at low copper 
contamination levels, which can be seen by comparing the results of the reference, 0.3 ppb, 
1 ppb and 3 ppb samples. A similar phenomenon has also been reported by Naito et al. [36] 
and Miyazaki [37]. It is assumed that a low copper concentration passivates defects in the 
silicon-silicon dioxide interface [7]. Figure 5.1 shows that the charge carrier lifetime decreased 
at high contamination levels in p-type silicon. Figure 5.1 also shows that the charge carrier 
lifetime in n-type silicon decreased at lower contamination levels than in p-type silicon. This 
can be seen by comparing the results of the 35 ppb, 200 ppb and 20 ppm samples. The same 
has also been reported by Naito et al. [36], Rotondaro et al. [80], Miyazaki [37] and Sachdeva 
et al. [38]. Thus, copper has a stronger impact on the minority carrier lifetime in n-type silicon 
than in p-type silicon. It was confirmed by Sachdeva et al. [38] that the formation of copper 
precipitates is the reason for the minority charge carrier lifetime decrease in copper 
contaminated silicon. 
 
In the individual n-type wafers, the measured lifetime was from 0.68 ms to 2.9 ms when the 
copper surface concentration was around 1011 cm-2. In the n-type reference wafers, the carrier 
lifetime was from 3.5 ms to 4.2 ms. The surface concentrations of other contamination 
elements were below 1010 cm-2, which was checked using TXRF. Therefore, the result 
indicates that a copper surface concentration of 1011 cm-2 is high enough to decrease the charge 
carrier lifetime in n-type silicon. This has also been reported by Naito et al. [36] and Miyazaki 
[37]. They in-diffused copper surface contamination in an oxidizing atmosphere. The oxidation 
process was done to decrease the surface recombination of charge carriers in order to be able to 
measure the bulk charge carrier lifetime. 
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5.3.2 Recombination activity of interstitial copper 
The charge carrier lifetime measured in p-type silicon under an excess charge carrier 
concentration condition of (6±1)×1015 cm-3 did not depend on the interstitial copper 
concentration. However, it should be noted that the largest interstitial copper concentration 
used in the study of the recombination activity of interstitial copper was 1.3×1013 cm-3. The 
highest measured lifetime was 6.4 ms in silicon without any intentional copper contamination. 
In silicon with an interstitial copper concentration of 1.3×1013 cm-3, the measured lifetime was 
5.0 ms. The lifetimes were measured after iron-boron dissociation. The iron concentration in p-
type silicon was below 1010 cm-3, which was determined with the SPV technique. These 
experimental lifetimes were limited by the Auger and the radiative recombination processes, 
because the intrinsic bulk lifetime is from 5.0 ms to 7.8 ms in silicon with a boron 
concentration of 6.1×1014 cm-3 under excess charge carrier concentration conditions of 
(6±1)×1015 cm-3. The intrinsic lifetime was calculated from equation (3.27). The excess charge 
carrier concentration of (6±1)×1015 cm-3 was calculated with a Silvaco device simulator using 
cylindrical coordinates. More information on this can be found in Appendix B. 
 
The hole capture cross-section of interstitial copper was determined to be below 3×10-17 cm2. 
This was determined for an electron capture cross-section of 1.5×10-15 cm2 [29], an energy 
level at Ec-0.15 eV [29], a boron concentration of 6.1×1014 cm-3, an interstitial copper 
concentration of 1.3×1013 cm-3 and a measured carrier lifetime of 5 ms at an excess charge 
carrier concentration condition of 6×1015 cm-3. The hole capture cross-section was fitted so that 
a carrier lifetime of 5 ms was calculated from the SHR-equation (3.23). The concentration of 
interstitial copper paired with boron was estimated to make up 52 % of the total solute copper 
concentration calculated from equation (2.6). This is the upper limit for the CuB pair 
concentration, because only a fraction of the immobilized copper ions forms CuB pairs [81]. It 
is not known if a high excess charge concentration dissociates CuB pairs. Dissociation would 
decrease the CuB pair concentration. For comparison, the hole capture cross-section is  
4.6×10-15 cm2, calculated from the SHR-equation (3.23) using the results of Istratov et al. [30]. 
The hole capture cross-section was in the present study determined with an electron capture 
cross-section of 1.5×10-15 cm2 [29], an energy level at Ec-0.15 eV [29], a boron concentration 
of 2×1015 cm-3 [30], an interstitial copper concentration of 1015 cm-3 [30] and a minority charge 
carrier diffusion length of 110 µm [30]. Calculated from equation (2.6), the interstitial copper 
concentration paired with boron was estimated to make up 70 % of the solute copper 
concentration, which is the upper limit. The donor state is positively charged before an electron 
capture process, and neutral before a hole capture process. Thus, it is reasonable that the hole 
capture cross-section is smaller than the electron capture cross-section, because the Coulomb 
force does not attract holes, but electrons experience an attractive Coulomb force. Therefore, a 
hole capture cross-section of 3×10-17 cm2 is physically more reasonable than one of  
4.6×10-15 cm2, because the electron capture cross-section is 1.5×10-15 cm2. For comparison, the 
interstitial iron atoms have electron and hole capture cross-sections of 4×10-14 cm2 and  
7×10-17 cm2, respectively [31]. The charge carrier lifetime is inversely proportional to the hole 
capture cross-section, when the electron capture cross-section is 1.5×10-15 cm2 and the energy 
level is at Ec-0.15 eV. Therefore, the recombination activity of interstitial copper calculated 
using the results presented in this study is two orders of magnitude lower than the 
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recombination activity of interstitial copper calculated using the results presented by Istratov et 
al. [30]. 
 
In conclusion, the recombination activity of interstitial copper was found to be low, because the 
measured carrier lifetime was 5 ms for the interstitial copper concentration of 1.3×1013 cm-3 in 
silicon. This means the change in the charge carrier lifetime due to the decrease in the 
interstitial copper concentration is negligible. Therefore, the decrease in the interstitial copper 
concentration does not need to be taken into account in the calculation of the copper related 
recombination rate. 
 
5.4 Recombination dependence on activation time 
5.4.1 Examples 
Light-induced copper precipitates are studied in this work through charge carrier lifetime 
measurements using the microwave photoconductive decay technique. Bias-light was used to 
increase the excess charge carrier concentration during the lifetime measurements and a higher 
bias-light intensity was used to form copper precipitates in silicon. 
 
Figure 5.2 shows the influence of high intensity light on the charge carrier lifetime of silicon 4 
hours and 28 hours after the copper in-diffusion heat treatment. They are called the 4-hour and 
28-hour measurements, respectively. A negative corona charge of 1 µC·cm-2 was deposited on 
both sides of the silicon wafer on the silicon dioxide surface before the carrier lifetime 
measurements in order to decrease the surface recombination. The lifetime was measured 
continuously at different points of the wafer in the 4-hour and 28-hour measurements. 
However, it was not possible to determine the carrier lifetime when the bias-light intensity was 
10 W·cm-2, because the transient signal was not detected due to the high excess charge 
concentration.  
 
Figure 5.2 shows that the carrier lifetime increased rapidly when the bias-light was switched 
on. This is due to the dissociation of iron-boron pairs. It is known that the recombination rate is 
lower at interstitial iron atoms than at iron-boron pairs under high excess charge carrier 
concentration conditions [82]. It is not possible to totally avoid iron contamination during the 
sample processing. Figure 5.2 shows that the carrier lifetime started to decrease in the 4-hour 
measurement when the bias-light processing was continued. The lifetime decreased at a faster 
rate when the bias-light intensity was 10 W·cm-2. A contrasting behaviour was seen in the 28-
hour measurement, high intensity light did not decrease the carrier lifetime in silicon. This was 
the first experimental result that showed that the formation of light-induced copper precipitates 
depends on the time of measurement. The reason for this was the diffusion of positively 
charged copper atoms to the negatively charged surface. Copper atoms existed and formed 
precipitates in bulk silicon 4 hours after the heat-treatment. However, after 28 hours all copper 
atoms had diffused to the surface. Therefore, the high intensity light did not form copper 
precipitates 28 hours after the heat-treatment. 
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Figure 5.2 shows that the carrier lifetime was higher at the beginning of the 4-hour 
measurement than after the high intensity light processing. In addition, the carrier lifetime was 
higher in the 28-hour than the 4-hour measurement, at the end of the measurement, when the 
bias-light was switched off. Therefore, light-induced precipitates were still present after the 
bias-light was switched off.  
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Figure 5.2: The charge carrier lifetime as a function of time in a boron doped copper 
contaminated silicon sample. The sample was annealed at 625 ºC for 4 hours and at 800 ºC for 
4 hours. The heat treatments induced small oxygen precipitates before the copper 
contamination, which resulted in the bulk copper concentration level of 1012 cm-3. The solid 
line shows the values measured 4 hours after the high temperature process. The dashed line 
shows the values measured 28 hours after the high temperature process. The bias-light intensity 
values are shown next to the lines in W·cm-2. The lifetime was not measurable when the bias-
light intensity was 10 W·cm-2. 
 
Figure 5.3 shows the charge carrier lifetime in silicon as a function of time. The carrier 
lifetimes were measured 1 day after the heat treatment. A positive corona charge of 1 µC·cm-2 
was deposited on the silicon dioxide surfaces before the carrier lifetime measurements in order 
to decrease the surface recombination. Figure 5.3 shows the time-periods when the high-
intensity light was used as zero lifetime values. The average lifetime values between the 
periods of high-intensity light were extracted from the raw data, and are shown in figure 5.3 as 
squares. The cumulative time of high-intensity light is called the activation time in the present 
work. 
 
Figure 5.4 shows the recombination rate at light-induced copper precipitates RCu as a function 
of the activation time. The recombination rates are calculated from equation (4.3). The carrier 
lifetime values were taken from Figure 5.3 and some additional measurement values are also 
shown. Figure 5.4 also shows the exponential curves, from equation (4.4), which were fitted to 
the measurement points. 
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Figure 5.3: The charge carrier lifetime as a function of time in a boron doped copper 
contaminated silicon sample. The sample was annealed at 625 ºC for 4 hours and at 800 ºC for 
4 hours before the copper contamination. The thermal treatments induced small oxygen 
defects. The copper concentration level was 1012 cm-3. The solid line shows the measured 
values and the squares show the average lifetime values extracted from measured lifetime 
values. The intensity of the bias-light was 40 W·cm-2 during the optical activation.  
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Figure 5.4: The recombination rate at light-induced copper precipitates RCu as a function of 
activation time. The values marked with squares were measured 1 day after the high-
temperature process and the values marked with triangles were measured 57 days after the 
high-temperature process. The intensity of the light was 40 W·cm-2 during the optical 
activation. The dashed line and the solid line are the curves fitted to the measurement points. 
 
Figure 5.4 shows that the exponential curve is a good fit to the determined recombination rate 
values, which were measured 1 day after the heat treatment, with a time constant of 
(1600 ± 100) s with RA=6×1019 cm-3·s-1. The time constant of a later measurement (57 d) was 
(2000 ± 200) s with RA=7×1019 cm-3·s-1. The time constant and RA difference between these two 
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measurements is so small that the formation of copper precipitates can be regarded as equal in 
those measurements. Thus, the formation of copper precipitates does not depend on the elapsed 
time after the deposition of positive corona charge. However, the formation of copper 
precipitates depends on the elapsed time after the deposition of negative corona charge, as seen 
in Figure 5.2. The polarity of corona charge has an influence on the formation of copper 
precipitates, because positively charged copper atoms diffuse to the negatively charge surface, 
but not to the positively charged surface. Traditionally, negative corona charge is used when 
the carrier lifetime is measured in p-type wafers to form an accumulation layer at the surface. 
 
5.4.2 Measurement inaccuracy 
The repeatability of the measurements for charge carrier lifetime was 1 % and 2 % for lifetimes 
below 0.5 ms and above 1 ms, respectively. The largest source of error was the manual 
adjustment of the bias-light intensity, which was used to adjust the excess charge carrier 
concentration in silicon for the lifetime measurements. The charge carrier lifetime depends on 
the excess charge carrier concentration conditions, but the lifetime was not measured exactly at 
the same excess charge carrier condition. The feedback for the adjustment of the bias-light 
intensity was the amplitude of conductivity transient. The repeatability of the lifetime 
measurements was a significant source of inaccuracy only in the copper out-diffusion 
experiment when the lifetime change was small at the end of the experiment. 
 
The error estimates for the determined precipitation time constant and the saturation of the 
recombination rate are 10 % and 5 %, respectively. The error estimates were determined by 
comparing the calculated recombination rates to the measured values. The calculated 
recombination rates deviated noticeably from the measured values when the precipitation time 
constant and the saturation of the recombination rate were changed from the best fit by more 
than the error estimate. One error source for the precipitation time constant and the saturation 
of the recombination rate was that the carrier lifetime was not measured after the optical 
activation time of three hours. The second error source was that the light-induced defect 
formation at the edge of the light spot was slower than at the middle of the light spot. The 
defect formation rate depends on the excess charge carrier concentration, which was smaller at 
the edge of the light spot due to charge carrier diffusion. The third error source was that the 
charge carrier lifetime was measured at a higher excess charge carrier concentration condition 
at the beginning than at the end of the optical activation. The charge carrier lifetime was not 
measured at exactly the same excess charge carrier concentration conditions, because the 
amplitude of the transient signal also depended on the charge carrier distribution in the silicon 
sample. The amplitude of the transient signal was used to adjust the excess carrier 
concentration in silicon. 
 
The carrier lifetime also decreased during lifetime measurements due to the formation of 
copper precipitates. The lifetime decrease is seen in Figure 5.3 around the square marks. 
However, the lifetime decreased less during lifetime measurements than during the optical 
activation. The decrease in lifetimes during the lifetime measurements was not taken into 
account in the calculations of the activation time. Therefore, the cumulative time of the high-
intensity light underestimates the actual activation time. However, this is a negligible error 
source for the precipitation time constant. 
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5.4.3 Comparison of measurements and theory 
Figure 5.5 shows the comparison of the volume recombination models, the surface 
recombination model and the measurement data. Figure 5.5 shows that the volume 
recombination model with growing precipitate radius fits the measurement data best. The 
surface recombination model and the fixed radius model also fit the measurement data well. 
The difference between the measurement data and the calculated values is so small that it is 
possible to use both models to analyze the measurement data. 
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Figure 5.5: The comparison of recombination models and the measurement data of sample F4. 
Table 3.1 shows the equations and values used for calculations. 
 
5.5 Out-diffusion of copper by means of negative corona charge 
In chapter 5.4 it was presented that the formation of copper precipitates depends on the elapsed 
time after the deposition of negative corona charge. In this chapter, the time constant for the 
decrease of the light-induced copper related recombination rate is determined and compared 
with the theoretical out-diffusion time constant of interstitial copper. 
 
In this study, the wafer surfaces were first positively charged after the last furnace process in 
order to maximize the interstitial copper concentration in bulk silicon and to reach an even 
interstitial copper distribution. After 12 days, the wafer surfaces were negatively charged and 
the optical activation was started immediately. A negative corona charge was deposited in 
order to maximize the diffusion of interstitial copper from bulk into the sample surfaces. At 
first, the optical activation was carried out for 2 minutes to dissociate iron-boron pairs and the 
carrier lifetime was measured. Then the optical activation was carried out for 27 minutes and 
the carrier lifetime was measured again. The same procedure was repeated at 5 other points. 
Figure 5.6 shows the measurement results and the curve 
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( )odCuCu exp)s 5460()( τttRtR −×== ,  (5.1) 
 
which was fitted for the last four measurement points. The time-constant τod is a fitting 
parameter and t is the elapsed time after the deposition of negative corona charge. 
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Figure 5.6: The light-induced recombination rate at precipitates at 6 points on the wafer during 
27 minutes illumination as a function of elapsed time after the deposition of negative corona 
charge. The first two measurement points were not included in the fitted curve, because the 
surface layer is quickly emptied of copper after the deposition of negative corona charge. The 
light intensity during optical activation was 30 W·cm-2. The measurement data without error 
bars has been presented in Ref. [83]. 
 
Figure 5.6 shows that the time constant (2600 ± 400) s fits the recombination rate decrease 
well. The time constant for the diffusion limited out-diffusion of particles is 
 
D
T
2
2
od π
τ = ,  (5.2) 
 
where T is the thickness of the wafer and D is the diffusivity of particles. The thickness of the 
sample was 525 µm and the copper diffusion coefficient is 1.3×10-7 cm2·s-1, from equation 
(2.2), in 22 Ω·cm boron doped silicon at 297 K. The out-diffusion time constant calculated 
from equation (5.2) is 2180 seconds. The experimental time constant (2600 ± 400) s is close to 
the theoretical value of 2180 s for copper diffusion into the sample surfaces. Sunakawa et al. 
[84] have applied a negative electric field to attract positive copper atoms into the surface or 
the vicinity thereof to increase the detection sensitivity of TXRF measurements. In their 
method, the negative electric field is generated by using non-contact electrodes or corona 
charge. However, their method does not include a dielectric layer on the silicon surface. 
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5.6 In-diffusion of copper by means of positive corona charge 
It was studied if copper atoms out-diffused by means of a negative corona charge diffuse back 
into bulk after the deposition of a positive corona charge. In the study, the wafer surface was 
negatively charged within 20 minutes after the last furnace process in order to enhance the 
diffusion of interstitial copper atoms from the bulk to the surface. The interstitial copper was 
allowed to diffuse to the surface for 5 days, which is enough time when compared to the out-
diffusion time constant of one hour, calculated from equation (5.2), in silicon with a boron 
concentration of 1015 cm-3. After 5 days, the optical activation was carried out. The surface 
charge was then changed from negative to positive and the optical activation was repeated. In 
Figure 5.7 the recombination rate at copper precipitates is presented as a function of optical 
activation time before and after the surface charge change from negative to positive polarity. It 
can be seen in Figure 5.7 that the optical activation increases the charge carrier recombination 
rate again after the change of surface charge polarity. Therefore, the copper atoms that diffused 
to the surface during the negative surface charge diffuse back into bulk silicon when the 
surface potential is increased with positive corona charge. However, in-diffusion of copper was 
not detected in the samples with the lowest copper concentration, if the copper was first out-
diffused by means of negative corona charge. The reason for this may be traps, which are 
present in a low concentration at the surface. This low trap concentration can only trap low 
copper concentrations but not higher copper concentrations. 
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Figure 5.7: The copper related recombination rate as a function of activation time. The key 
shows the polarity of the surface charge during the optical activation. The result has been 
presented in Ref. [85]. 
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5.7 Precipitation time constant dependence on light intensity 
The dependence of the precipitation time constant on the light intensity was studied in the 
present work through the following experiment. The copper precipitates were induced by using 
the high intensity bias-light on different lateral positions of the wafer. The only important 
difference between the measurements was the different light intensity used for optical 
activation. The samples contained an oxygen defect density level of 5×108 cm-3 and a copper 
concentration level of 1012 cm-3. A positive corona charge of 1 µC·cm-2 was deposited in order 
to prevent the copper out-diffusion. 
 
Figure 5.8 presents the experimentally determined precipitation time constant τA as a function 
of the bias-light intensity. Figure 5.8 shows that the precipitation time constant depends 
strongly on the bias-light intensity. Ramappa [9] has reported that the minority carrier diffusion 
length decreased at a faster rate with a light intensity of 7.5 W·cm-2 compared to a light 
intensity of 2.5 W·cm-2. The light was generated using a halogen lamp. 
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Figure 5.8: The precipitation time constant τA as a function of bias-light intensity. The 
resistivity of sample A was 10 Ω·cm and the resistivity of sample B was 22 Ω·cm. 
 
The electron concentration in semiconductors can be described using an electron quasi-Fermi 
level. The electron quasi-Fermi level corresponding to the bias-light intensity was calculated 
with the aid of a Silvaco device simulator using cylindrical coordinates. The 2D simulation was 
used instead of the 1D simulation, because the charge carrier lifetime was around 100 µs in 
silicon, which enables significant lateral diffusion for the excess charge carriers. More 
information on the simulations can be found in Appendix B. The precipitation time constant 
dependence on the electron quasi-Fermi level, which was calculated in 1D, was presented in 
Ref. [83].  
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In Figure 5.9 the precipitation time constant τA is shown as a function of the electron quasi-
Fermi level. Figure 5.9 shows that the electron quasi-Fermi level should be above Ec-0.2 eV to 
induce copper precipitates in a reasonable time. However, the optical activation induced copper 
precipitates when the electron quasi-Fermi level was Ec-0.3 eV. It is suggested here that the 
optical activation changes the charge state of copper precipitates, which enables copper 
precipitation at room temperature. The suggestion is based on the results that the copper 
precipitates are neutral or negatively charged when the Fermi-level is above Ec-0.2 eV, and 
positively charged when the Fermi-level is below Ec-0.2 eV [22]. Positively charged interstitial 
copper atoms precipitate with neutral or negatively charged copper precipitates, but not with 
positively charged copper precipitates due to Coulomb repulsion [10]. This is illustrated in 
Figure 5.9 by the trend of the precipitation time constant. However, in presence of oxygen 
defects the copper precipitates even though the Fermi-level is below Ec-0.2 eV [38].  
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Figure 5.9: The precipitation time constant as a function of the electron quasi-Fermi level 
position. The resistivity of sample A was 10 Ω·cm and the resistivity of sample B was 
22 Ω·cm. The dashed line is the trend of the precipitation time constant as a function of the 
Fermi-level. 
 
Using the SHR-statistics it was found that the interstitial copper has a high probability to 
change its charge state when a high excess charge carrier concentration is present in p-type 
silicon. Therefore, the charge state of interstitial copper may also have an effect on the 
formation of copper precipitates during the high-intensity illumination. Interstitial copper 
atoms are positively charged at thermal equilibrium at room temperature, because their donor 
levels are empty. At an excess charge carrier concentration of 8×1016 cm-3, corresponding to an 
electron quasi-Fermi level at Ec-0.15 eV, 21 % of the donor levels of the interstitial copper 
atoms are occupied by an electron and therefore neutral. An occupation probability of 21 % 
was calculated from equation (3.21), with an energy level of interstitial copper at Ec-0.15 eV, 
an electron capture cross-section of 1.5×10-15 cm2 and a hole capture cross-section of  
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4.6×10-15 cm2. The occupation probability is 48 % with an electron capture cross-section of 
1.5×10-15 cm-2 and a hole capture cross-section of 2.6×10-17 cm2. 
 
The saturation of the copper related recombination rate did not depend on the light intensity. 
The saturation of the recombination rate was between 9×1019 cm-3·s-1 and 14×1019 cm-3·s-1 in 
the measurements of sample A, and 7×1019 cm-3·s-1 in the measurements of sample B.  
 
The saturation of the copper related recombination rate and the time constant dependence on 
the light intensity suggest that the charge carrier recombination at copper precipitates is 
dominated by recombination at the bulk of the precipitates. The radius and density of the 
copper precipitates correlate with the precipitation time constant as r∝τ00.5 from equation 
(3.53), and n∝τ0-1.5 from equation (3.54), respectively. Therefore, the precipitate surface area 
correlates with the precipitation time constant as A∝τ0-0.5. Furthermore, the total surface 
recombination rate is proportional to the precipitate surface area and the surface recombination 
velocity. This means that if the charge carrier recombination at copper precipitates is 
dominated by recombination at the surface of the precipitates, the surface recombination 
velocity depends on the surface area of the copper precipitates as Sprec∝A-1. This kind of 
dependence is unlikely. However, the surface recombination model was not discarded, because 
the other results were not against it. 
 
5.8 Properties of copper precipitates 
In this chapter the measurement results for the precipitation time constant and light-induced 
copper related recombination rate for different kinds of samples are presented. The radius and 
density of the copper precipitates are determined from the precipitation time constant and the 
copper concentration. The recombination activity of copper is determined from the copper 
concentration and the light-induced copper related recombination rate. Chapters 5.8.1-5.8.3 
show the determined values in tabular form. Chapters 5.8.4 and 5.8.5 show their dependencies 
on copper concentration and oxygen defects. 
5.8.1 Saturation of the recombination rate and the precipitation time constant 
Table 5.3 presents the measured precipitation time constant τA and the saturation of the 
recombination rate RA. They were determined by fitting the curve, from equation (4.4), to the 
measured recombination rates. The light intensity during the optical activation of copper was 
30 W·cm-2. 
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Table 5.3: The copper concentration Cu, the precipitation time constant τA and the saturation of 
the recombination rate RA. The number in the sample name identifies the anneal time in hours 
at 625 ºC. The copper concentration values are from chapter 5.1. The error estimate for τA is  
10 %. The error estimate for RA is 5 %. 
 
Sample 
 
Cu 
 cm-3 
τA 
 s 
RA 
1016 cm-3·s-1 
A0 5.0E+12 4400 200 
B2 3.9E+12 4800 380 
C3 6.5E+12 3900 1300 
D4 3.0E+11 14000 60 
E4 6.0E+11 8500 200 
H4 1.7E+12 3700 790 
J4 2.1E+12 4900 1200 
G4 2.7E+12 2400 3100 
F4 6.5E+12 2100 6800 
K4 1.3E+13 700 22700 
L16 3.0E+11 450 10000 
M16 3.9E+12 150 60000 
 
5.8.2 Density and radius 
Table 5.4 presents the density and radius of copper precipitates calculated from equations 
(3.53), (3.54), (3.59) and (3.60) using the values shown in Table 5.3. In the calculations a value 
of 1.28×10-7 cm2·s-1 was used for the effective diffusion coefficient of copper and  
6.52×1022 cm-3 for the density of copper atoms in the precipitates. The calculated densities of 
the copper precipitates are from 3×108 cm-3 to 1011 cm-3, depending on the sample processing. 
Istratov et al. [9] have reported that copper precipitate densities up to 4.3×1012 cm-3 are 
possible. Thus, the determined copper precipitate densities are reasonable. However, the 
samples of Istratov et al. [9] contained a copper concentration of 1017 cm-3 and were quenched, 
which made a high precipitation density possible. 
 
The calculated radii of the light-induced copper precipitates are below four nanometers. 
Elkajbaji et al. [23] have detected copper precipitates a few nanometers in size in a fast-cooled 
sample. In an air-cooled sample, the reported minimum size of the copper precipitates is 7 nm 
[24]. 
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Table 5.4: The calculated densities and radii of the copper precipitates. The total differential 
error for the densities is 25 % due to errors in τA and RA. The total differential error for the 
radii is 15 % due to errors in τA and RA.  
 
Sample 
 
n 
cm-3 
r 
nm 
nS 
cm-3 
rS 
nm 
A0 3.9E+08 3.6 5.6E+08 3.2 
B2 3.9E+08 3.3 5.6E+08 2.9 
C3 4.1E+08 3.9 5.8E+08 3.4 
D4 2.8E+08 1.6 4.0E+08 1.4 
E4 4.2E+08 1.7 6.0E+08 1.5 
H4 8.7E+08 1.9 1.2E+09 1.7 
J4 5.2E+08 2.5 7.3E+08 2.2 
G4 1.3E+09 2.0 1.9E+09 1.7 
F4 1.0E+09 2.8 1.5E+09 2.5 
K4 3.8E+09 2.3 5.4E+09 2.1 
L16 4.9E+10 0.3 6.9E+10 0.3 
M16 7.1E+10 0.6 1.0E+11 0.5 
 
5.8.3 Recombination activity 
The copper related recombination is modelled with the volume recombination and the surface 
recombination models, which are presented in chapters 3.4.1 and 3.4.2, respectively. In Table 
5.5 the calculated volume recombination coefficients and the surface recombination velocities 
at copper precipitates are presented. The volume recombination coefficients were calculated 
from equation (3.55) using the copper concentrations and the saturation of the recombination 
rates shown in Table 5.3. The surface recombination velocities are calculated from equation 
(3.58) using the saturation of the recombination rates, which are shown in Table 5.3, and the 
density of the copper precipitates nS and the radii of the copper precipitates rS, which are 
shown in Table 5.4. The volume recombination coefficients and surface recombination 
velocities were calculated in order to compare the recombination activity of copper in different 
samples after the optical activation. 
 
Table 5.5 shows that kprec is between 4×10-11 cm3·s-1 and 1.6×10-8 cm3·s-1 and Sprec is between 
2.8×105 cm·s-1 and 1.8×107 cm·s-1, depending on the sample processing. Those values are 
reasonable when compared to the results of Istratov et al. [22] and Sachdeva et al. [38]. In 
Appendix A, kprec and Sprec are calculated from the results of Istratov et al. [22]. The volume 
recombination coefficient in p-type silicon was above 7×10-9 cm3·s-1 and the surface 
recombination velocity was above 1.1×107 cm·s-1 for plate-shaped copper precipitates. The 
copper concentration was 2×1017 cm-3 and the cooling rate was 2000 K·s-1. Sachdeva et al. [38] 
reported that the minority charge carrier diffusion length is from 13 µm to 20 µm, 
corresponding to a carrier lifetime from 0.05 µs to 0.12 µs, when a copper concentration of 
1016 cm-3 is precipitated by quenching. These result in the volume recombination coefficients 
of copper precipitates 8×10-10 cm3·s-1 and 2×10-9 cm3·s-1 from equation (3.55). 
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The largest surface recombination value calculated in this work is 1.8×107 cm·s-1, which is 
above the theoretical maximum surface recombination velocity of 5×106 cm·s-1 given by the 
Schottky model [86]. The surface area of the copper precipitates used in the calculations is the 
minimum limit for the area in which charge carries recombine. Therefore, the calculated 
surface recombination velocities are the maximum ones. The model does not take into account 
the surface area of the oxygen defects, which could increase the recombination area. In 
addition, the surface area of the copper precipitates is larger if the precipitates are not spherical 
or if the density of the copper atoms in the precipitate is lower than in the Cu3Si precipitates. 
The radius and the density of the copper precipitates depend on the density of the copper atoms 
in the precipitates according to r∝ρ -0.5 from equation (3.59), and n∝ρ0.5 from equation (3.60), 
respectively. Therefore, the dependence of the precipitate surface area on the density of copper 
atoms in precipitates is A∝ρ -0.5. 
 
Table 5.5: The volume recombination coefficient kprec and surface recombination velocity Sprec. 
The total differential error of the volume recombination coefficient is 15 % or 25 %, depending 
on the copper concentration determination method. The total differential error of the surface 
recombination velocity is 45 % or 60 %, depending on the copper concentration determination 
method. 
 
sample kprec cm3·s-1 Sprec cm·s-1 
A0 4.0E-11 2.8E+05 
B2 9.9E-11 6.3E+05 
C3 2.0E-10 1.5E+06 
D4 2.0E-10 6.1E+05 
E4 3.3E-10 1.1E+06 
H4 4.6E-10 1.7E+06 
J4 5.7E-10 2.7E+06 
G4 1.1E-09 4.3E+06 
F4 1.0E-09 5.7E+06 
K4 1.7E-09 7.8E+06 
L16 3.3E-08 1.8E+07 
M16 1.6E-08 1.8E+07 
 
5.8.4 Influence of copper concentration 
The results in this subsection are for samples with oxygen defect densities that are as equal as 
possible. Figure 5.10 presents the precipitation time constant dependence on the copper 
concentration. Figure 5.10 shows that the precipitation time constant τA is shorter when the 
copper concentration is higher. The decrease in the precipitation time constant when the copper 
concentration increases indicates that the nr product increases when the copper concentration 
increases, see equation (3.46). Figure 5.11 presents the dependence of the density of copper 
precipitates on the copper concentration, which shows that the density of copper precipitates 
increases when the copper concentration increases. Figure 5.12 presents the dependence of the 
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radius of copper precipitates on the copper concentration, which shows that the radius does not 
depend strongly on the copper concentration. Thus, the results indicate that the decrease in the 
precipitation time constant is explained by the increase in the density of copper precipitates, 
when the copper concentration increases. 
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Figure 5.10: The precipitation time constant τA as a function of copper concentration. 
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Figure 5.11: The density of the copper precipitates as a function of copper concentration.  
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Figure 5.12: The radius of the copper precipitates as a function of copper concentration. 
 
Figure 5.13 shows the saturation values of the recombination rates and the calculated 
recombination rates as a function of copper concentration. The recombination rates for the 
volume recombination and the surface recombination models were calculated from equations 
(3.55) and (3.58), respectively. Table 5.6 shows the values used for the calculations. The 
volume recombination coefficient kprec and the surface recombination velocity Sprec were fitted 
to achieve quantitative agreement between the calculated values and the measured values for a 
copper concentration of 1012 cm-3. The density and radius of the copper precipitates for the 
surface recombination model are taken from Table 5.4. 
 
Table 5.6: The values and equations used to calculate the recombination rate as a function of 
precipitated copper, as shown in Figure 5.13. 
 
quantity  unit Model 
  volume recombination surface recombination 
Rprec  cm-3·s-1 equation (3.55) equation (3.58) 
cprec  cm
-3
 Table 5.2 Table 5.2 
nS  cm
-3
 - Table 5.4 
rS  cm - Table 5.4 
kprec  cm3·s-1 5×10-10, fitted - 
Sprec  cm·s-1 - 2×106, fitted 
D  cm2·s-1 1.28×10-7 1.28×10-7 
∆n  cm-3 1016 1016 
ρ  cm-3 6.52×1022 6.52×1022 
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Figure 5.13: The measured and calculated copper related recombination rate as a function of 
copper concentration. Table 5.6 shows the values and equations used for the calculations. The 
measured values are in Table 5.3. 
 
Figure 5.13 shows that the measured recombination rate dependence on copper concentration is 
stronger than the calculated recombination rate dependence on copper concentration. This 
means that in the recombination models kprec or Sprec increases when the copper concentration 
increases, which can be seen in Table 5.5. The fitted volume recombination coefficient of 
5×10-10 cm3·s-1 in the volume recombination model and the fitted surface recombination 
velocity of 2×106 cm·s-1 in the surface recombination model are reasonable values when 
compared to the results of Istratov et al. [22] and Sachdeva et al. [38], which were presented in 
chapter 5.8.3. In Figure 5.13 the volume and surface recombination models give almost the 
same recombination rate dependence on the copper concentration, because the radius of the 
copper precipitates depends only weakly on the copper concentration, as seen in Figure 5.12. 
 
5.8.5 Influence of oxygen defects 
The results in this subsection are for the samples, which contained copper concentrations from 
3×1012 cm-3 to 6×1012 cm-3. The oxygen defect density was varied by changing the anneal time 
at 625 ºC. The oxygen defect densities increased with longer anneal times, which was checked 
using the SIRM technique. In Figure 5.14 the precipitation time constant and the density of 
copper precipitates for samples containing different oxygen defect densities are shown. Figure 
5.14 shows that the time constants do not change significantly between the samples annealed 
from 0 hours to 3 hours. However, the time constant is much lower when the anneal time is 16 
hours compared to the shorter anneal times. The decrease in the precipitation time constant is 
explained by the increase in the density of copper precipitates. 
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Figure 5.14: The precipitation time constant τΑ and the density of copper precipitates as a 
function of anneal time at 625 ºC. The squares indicate the time constants. The crosses indicate 
the densities. The anneal processes were done before the copper contamination processes. The 
oxygen defect densities increased with longer anneal times. 
 
In Figure 5.15 the copper related recombination rate for samples containing different oxygen 
defect densities is shown. Figure 5.15 shows that the copper related recombination rate is 
higher when the oxygen defect density is higher. The difference in the copper concentration 
between the samples is not the reason for the over two decades difference in the recombination 
rate. The copper related recombination rate was above two decades higher in sample M16, 
which had a high oxygen defect density, compared to sample A0, which had a low oxygen 
defect density. This result indicates that the oxygen defects are precipitation sites for copper at 
room temperature during the optical activation, because the recombination rate after the optical 
activation depends strongly on the oxygen defect density in silicon. Oxygen related defects are 
known to getter copper during the cooling down period, but not at room temperature, at trace 
copper concentration levels. The decrease of the minority carrier diffusion length was small in 
the quenched boron doped sample containing oxygen defects and a copper concentration of 
1013 cm-3 [38]. In a quenched sample, the possible copper precipitation at oxygen defects 
occurs at room temperature. 
 
The following explanation is suggested for the light-induced recombination rate dependence on 
the density of oxygen defects. The copper related recombination rate depends on whether the 
copper precipitates are located at microscopic lattice defects or at oxygen related defects or 
both. The copper precipitates located at oxygen related defects have a more than two decades 
higher recombination activity than those located at microscopic lattice defects. The suggestion 
is based on the results that show that the density of copper precipitates stayed about the same, 
but the recombination rate increased, when the oxygen defect density increased. This can be 
seen by comparing the densities of the precipitates in Figure 5.14 and the recombination rates 
in Figure 5.15 for samples A0, B2 and C3, which were annealed 0, 2 and 3 hours, respectively. 
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Therefore, the increase in the concentration of copper precipitates at oxygen defects is enough 
to change the total recombination activity without any noticeable change in the total density of 
copper precipitates. The model, which includes two kinds of copper precipitates, is used in the 
following chapter to determine the gettering efficiency of copper at oxygen defects. 
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Figure 5.15: The copper related recombination rate dependence on the density of oxygen 
defects [87]. The number in the sample names equals the anneal time in hours at 625 ºC. The 
copper concentration in the samples was from 3×1012 cm-3 to 6×1012 cm-3. 
 
5.9 Models with two kinds of recombination sites 
The results presented in the previous section indicate that the oxygen defects increase the 
recombination rate of precipitated copper. This is modelled in the following sections with two 
kinds of copper precipitates, called here the precipitates at oxygen defects and the precipitates 
at microscopic lattice defects. 
 
5.9.1 Volume recombination 
In chapter 3.4.4 the volume recombination model for two kinds of defects was presented. In 
this section, the model is used to estimate the ratio of the concentration of copper precipitated 
at oxygen defects to the concentration of copper precipitated at all kinds of defects. In this 
work this is called the gettering efficiency of copper at oxygen defects, which is calculated 
using equation (3.65), with the coefficients kprec1=2.4×10-8 cm3·s-1 and kprec2=4×10-11 cm3·s-1, 
and the experimentally determined recombination rates. The volume recombination coefficient 
of precipitated copper atoms at oxygen defects kprec1 is the average value of samples L16 and 
M16 from Table 5.3. These were samples with a high oxygen defect density. The volume 
recombination coefficient of precipitated copper atoms at microscopic lattice defects kprec2 is 
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the value of sample A0, in which the oxygen defect density was low. In Figure 5.16 the 
gettering efficiency of copper at oxygen defects is shown. 
 
Figure 5.16 shows that the gettering efficiency of copper at oxygen defects increases in the 
volume recombination model from 0.7 % to 7 %, when the copper concentration increases 
from 3×1011 cm-3 to 1.3×1013 cm-3. Those gettering efficiency values are low. Therefore, 
precipitation at microscopic lattice defects is more efficient than precipitation at oxygen 
defects, unless the oxygen precipitation density is high. Hölzl et al. [88] reported that the 
gettering efficiency of copper at oxygen related defects during cooling increased when samples 
contained a higher oxygen defect density.  
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Figure 5.16: The gettering efficiency of copper at oxygen defects as a function of copper 
concentration. The samples contained an oxygen defect density of about 5×108 cm-3. 
 
The total density of copper precipitates increased from 4×108 cm-3 to 109 cm-3 when the density 
of oxygen defects increased from 7×107 cm-3 to 5×108 cm-3. This can be seen by comparing the 
densities of the copper precipitates of samples C3 and F4 from Table 5.4. According to the 
model for two kinds of defects, the reason for the increase in the total density of copper 
precipitates is the increase in the density of copper precipitates at microscopic lattice defects. 
Therefore, it is suggested that the formation of oxygen defects also increases the density of 
microscopic lattice defects. 
 
5.9.2 Surface recombination 
In chapter 3.4.5 the surface recombination model for two kinds of defects was presented. In 
this section, the surface recombination model is used to estimate the gettering efficiency of 
copper at oxygen defects. This is calculated by means of equation (3.69), using the surface 
recombination velocities Sprec1=1.8×107 cm·s-1 and Sprec2=2.8×105 cm·s-1, and the 
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experimentally determined recombination rates. The surface recombination velocity at copper 
precipitates at oxygen defects Sprec1 is the average value of the samples L16 and M16 from 
Table 5.3. The surface recombination velocity at the copper precipitates at microscopic lattice 
defects Sprec2 is the value of sample A0.  
 
Figure 5.16 shows that the gettering efficiency of copper at oxygen defects increases in the 
surface recombination model from 2 % to 40 % when the copper concentration increases from 
3×1011 cm-3 to 1.3×1013 cm-3. The surface recombination model gives higher gettering 
efficiencies than the volume recombination model. 
 
5.10 Determination of copper concentration 
5.10.1 General 
In this chapter the equations for the determination of the copper concentration from the change 
of charge carrier lifetime are presented. It was shown in chapter 5.8.5 that the recombination 
activity of copper depends on the density of oxygen defects in silicon. The copper 
concentration can be determined in cases when copper atoms mainly precipitate at oxygen 
defects or microscopic lattice defects, but not at both. These situations are present in samples, 
which do not contain any oxygen defects, or alternatively contain a high density of oxygen 
defects. These situations are analyzed in the next sections. When a sample contains oxygen 
defects but not at a high density, the copper concentration can be determined by means of 
lifetime measurements by using the correlation curves, which are measured through TID 
measurements. For example, the correlation curve for a sample containing the oxygen defect 
density of 5×108 cm-3 can be determined by means of experimental data, which is shown in 
figure 5.13. 
 
5.10.2 Volume recombination model 
According to the volume recombination model, the precipitated copper concentration in silicon 
using the optical activation from equation (3.55) is 
 
prec
Cu
prec kn
R
c
∆
= ,  (5.3) 
 
where the volume recombination coefficient kprec depends on the density of oxygen defects, as 
presented in chapter 5.8.5. The volume recombination coefficient also depends on the injection 
level used in the lifetime measurements, which will be presented in this section. The 
precipitated copper concentration using optical activation, from equations (4.3) and (5.3), is 
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where τ2 is the lifetime measured after the optical activation and τmax is the maximum lifetime 
at the beginning of the measurement. 
 
Without oxygen defects 
 
In a silicon wafer without oxygen defects kprec is 4×10-11 cm3·s-1, as presented in section 5.9.1. 
By inserting this value into equation (5.4), we get the numerical equation 
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
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−×=
max2
10
prec
11105.2
ττ
c  cm-3, (5.5) 
 
where the lifetime values should be inserted in seconds and the lifetime should be determined 
at a high carrier injection level. The conversion factor in equation (5.5) was determined using a 
sample in which the copper concentration was 5×1012 cm-3. The quantitative detection limit for 
copper is about 3×1012 cm-3 in homogeneous boron doped silicon. This interstitial copper 
concentration decreases the lifetime in silicon from 1 ms to 0.9 ms, if all interstitial copper 
atoms are precipitated by means of the optical activation. 
 
Henley et al. [8] reported that an optical activation decreased the diffusion length in silicon 
from about 200 µm to 10 µm, corresponding to carrier lifetimes of 13 µs and 30 ns, 
respectively. Tarasov et al. [13] reported an almost equal decrease of the diffusion length in 
silicon that had been ion implanted with copper to a dose of 1013 cm-2. The charge carrier 
diffusion length decreased from 170 µm to about 10 µm. The copper concentration from 
equation (5.5) is 1018 cm-3 for both cases [8, 13]. The interstitial copper concentration can be at 
a maximum 1016 cm-3 plus the doping concentration, because copper precipitates at higher 
copper concentrations [10]. The calculated copper concentration is almost four decades higher 
than the ion implanted copper dose reported by Tarasov et al. [13]. The probable reason for the 
over-estimation of the copper concentration is that the high copper concentration had induced 
defects near the surface in the samples of Henley et al. [8] and Tarasov et al. [13], while 
equation (5.5) includes the assumption that the copper precipitates are evenly distributed in the 
bulk. If the copper concentration in silicon is high, copper precipitates near the surface when 
the sample is air-cooled. The copper related defects can extend up to 40 µm in from surface 
[24]. TEM figures have indicated that copper precipitated at the surface when the copper dose 
was 1013 cm-2, but did not precipitate at the surface when the copper dose was 1012 cm-2 [12]. 
The interstitial copper atoms precipitate at surface defects during the optical activation. The 
charge carrier diffusion length measurement is based on the charge carrier collection from the 
bulk to the surface. Therefore, the measured diffusion length is low if the diffusion length is 
low near the surface region, even when the diffusion length in bulk silicon is high. Therefore, 
the large copper defect density within 10 µm from the silicon surface is the probable reason for 
the low diffusion length of 10 µm measured by Henley et al. [8] and Tarasov et al. [13] after 
the optical activation. 
 
Tarasov et al. [13] reported a charge carrier diffusion length change from 312 µm to 264 µm 
for a sample doped with a copper dose of 1012 cm-2. The calculated copper concentration, from 
equation (5.5), and the implanted copper concentration are 4×1014 cm-3 and 2×1013 cm-3, 
respectively. This difference is due to the carrier lifetime dependence on the excess charge 
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carrier concentration. It was measured in the present work that the charge carrier lifetime at 
low excess charge carrier concentrations is a tenth of the carrier lifetime at an excess charge 
carrier concentration of (6±1)×1015 cm-3. The diffusion length and lifetime was 120 µm and 
47 µs, respectively, after the optical activation. The lifetime was 2.8 ms before the optical 
activation. Therefore, the conversion factor in equation (5.5) should be about 2.5×109 for SPV 
measurements. After this correction, the calculated copper concentration is only a factor two 
higher than the implanted copper concentration. Tarasov et al. [13] took into account the 
influence of iron contamination on the carrier diffusion length. They heat-treated samples  
at 65 ºC or 80 ºC after the optical activation. The interstitial iron atoms paired with boron 
atoms during the heat treatment. Therefore, the influence of iron on the carrier lifetime was the 
same in the first diffusion length measurement before the optical activation as in the last 
diffusion length measurement after the low temperature heat treatment. 
 
In the study of Raineri et al. [12] the charge carrier diffusion length decreased from about 
240 µm to about 200 µm due to the optical activation in silicon, which was ion implanted with 
a copper dose of 1013 cm-2. The diffusion length values were extracted from figures presented 
by Raineri et al. [12]. The diffusion lengths correspond to lifetime values of 19 µs and 13 µs, 
respectively. The copper concentration from equation (5.5) is 7×1013 cm-3 with the conversion 
factor 2.5×109. This copper concentration is the upper limit, because the high-intensity light 
dissociates possible iron-boron pairs, which also decreases the diffusion lengths in silicon. 
 
Mcdonald et al. [41] reported that the lifetime was a factor 1.6 higher when the excess charge 
carrier concentration was 5×1014 cm-3 instead of 1.5×1013 cm-3, for samples containing plane-
shaped copper precipitates. Therefore, the lifetime dependence on the excess charge carrier 
concentration is weaker in samples containing plane-shaped copper precipitates compared to 
samples containing light-induced copper precipitates. 
 
High density of oxygen defects 
 
The volume recombination coefficient of precipitated copper atoms at oxygen defects is 
kprec1=(2±1)×10-8 cm3·s-1, which was determined for samples containing oxygen precipitates 
nucleated at 625 ºC for 16 hours and grown at 800 ºC for 4 hours. This process formed a high 
density of oxygen defects. The copper concentration level of the samples was from 3×1011 cm-3 
to 4×1012 cm-3. The coefficient kprec1=2×10-8 cm3·s-1 gives the conversion factor 5×107, from 
equation (5.4). The detection limit for the precipitated copper concentration at oxygen defects 
is about 5×1010 cm-3. This interstitial copper concentration decreases the carrier lifetime in 
silicon from 100 µs to 90 µs, if the interstitial copper atoms are precipitated using optical 
activation. The detection limit for copper concentration in silicon without oxygen defects is 
about 3×1012 cm-3. Thus, the detection limit of copper can be increased by almost two decades 
by the formation of small oxygen defects in bulk silicon.  
 
The volume recombination coefficient of copper atoms precipitated at the oxygen defects 
probably depends on the size of the oxygen defects. Thus, the volume recombination 
coefficient kprec1=(2±1)×10-8 cm3·s-1 probably applies only to oxygen precipitates grown  
at 800 ºC for 4 hours, which results in small oxygen defects. 
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5.10.3 Surface recombination model 
Determining the copper concentration from the change in carrier lifetime with the surface 
recombination model is more complicated than with the volume recombination model. The 
precipitation time constant τA should be determined when the surface recombination model is 
used. This is not needed in the volume recombination model. According to the surface 
recombination model, the copper related recombination rate from equations (3.50) and (3.58) is 
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The precipitated copper concentration from equation (5.6) is 
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Equations (5.7) and (3.60) can be used iteratively to calculate the precipitated copper 
concentration, if the precipitation time constant τA and the copper related recombination rate 
RCu are known.  
 
Without oxygen defects 
 
In a silicon without oxygen defects, Sprec is 2.8×105 cm·s-1 as presented in section 5.9.2. The 
density of copper precipitates is 5.6×108 cm3·s-1 from Table 5.4. By using 6.52×1022 cm3 as the 
density of copper atoms in the precipitates and inserting these values and equation (4.3) into 
equation (5.7), we get the numerical equation 
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where the lifetime values should be inserted in seconds and the lifetime should be determined 
at a high excess charge carrier concentration level. Equation (5.8) includes the assumption that 
the density of copper precipitates is independent of the copper concentration. Therefore, the 
factor in equation (5.8) is valid for a narrow range of precipitated copper concentrations. In the 
presented case the factor is calculated for a precipitated copper concentration of  
5×1012 cm-3·s-1. By comparing equations (5.5) and (5.8), it can be seen that the exponents are 1 
and 1.5, respectively. The difference in the exponents should make it possible to identify 
whether volume or surface recombination dominates on copper precipitates. However, it 
should be noted that the density of copper precipitates depends on the copper concentration. 
This decreases the exponent below 1.5 in equation (5.8). 
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High density of oxygen defects 
 
The surface recombination velocity at copper precipitates at oxygen defects is 1.8×107 cm·s-1, 
as shown in section 5.9.2. This value should be used when determining the precipitated copper 
concentration by means of the surface recombination model for a sample containing a high 
density of oxygen defects. Figure 5.17 shows the precipitated copper concentration as a 
function of the copper related recombination rate. It was calculated using equation (5.7). Figure 
5.17 also shows experimental data for samples, which contained a high density of oxygen 
defects. This data was used to determine the surface recombination velocity at the copper 
precipitates at oxygen defects. 
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Figure 5.17: The precipitated copper concentration as a function of the copper related 
recombination rate according to the surface recombination model. The precipitated copper 
concentration was calculated from equation (5.7) with n=8×1010 cm-3, Sprec=1.8×107 cm·s-1, 
∆n=1016 cm-3 and ρ=6.52×1022 cm-3. 
 
Figure 5.17 shows that a copper related recombination rate of about 2×1020 cm-3·s-1 
corresponds to a precipitated copper concentration of 1012 cm-3. For example, the 
recombination rate is 2×1020 cm-3·s-1 when the lifetime value changes from 100 µs to 33 µs. 
The measured carrier lifetimes was 110 µs before the optical activation and 52 µs after the 
optical activation in sample L16, which contained a high oxygen defect density and a copper 
concentration of 3×1011 cm-3. This is still a quite large change in the lifetime. The surface 
recombination velocity at the copper precipitates at oxygen defects probably depends on the 
size of the oxygen defects. Thus, the determined surface recombination velocity of 
1.8×107 cm·s-1 probably only applies to oxygen precipitates grown at 800 ºC for 4 hours. 
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6 Conclusion 
 
In this work a sample preparation method for copper detection by carrier lifetime 
measurements in boron-doped silicon was developed. Oxidized silicon wafers were air-cooled, 
without quenching, after heat treatment. A positive corona charge was deposited on the silicon 
surface after the heat treatment. An interstitial copper concentration of (1.3±0.1)×1013 cm-3 was 
measured by means of TID in a silicon sample one year after the thermal treatment. The silicon 
sample contained small oxygen precipitates. This result indicates that interstitial copper atoms 
do not precipitate in boron-doped silicon at room temperature, if the copper concentration is 
1013 cm-3. Therefore, small oxygen precipitates are not efficient precipitation sites for copper at 
room temperature. The result also indicates that the out-diffusion of interstitial copper was 
prevented by a positive corona charge. This means that interstitial copper atoms do not 
overcome the energy band bending of 0.8 eV, which was induced with a positive corona charge 
of 1 µC·cm-2. It is proven for the first time that interstitial copper atoms really exist in boron 
doped bulk silicon after long storage periods. This gives us the possibility to study the 
properties of interstitial copper and its reactions in silicon. 
 
In this work, the optical activation of copper and the properties of interstitial copper in silicon 
by means of carrier lifetime measurements using the µPCD technique were studied. The results 
indicate that the recombination activity of interstitial copper in boron-doped silicon is two 
decades lower than that determined earlier by Istratov et al. [30]. The hole capture cross-
section of interstitial copper was determined to be below 3×10-17 cm2. This was determined 
from the SHR-equation with an interstitial copper energy level at Ec-0.15 eV [29], an electron 
capture cross-section of 1.5×10-15 cm2 [29], and a carrier lifetime of 5.0 ms in silicon with an 
interstitial copper concentration of (1.3±0.1)×1013 cm-3. The carrier lifetime was measured 
under an excess charge concentration of (6±1)×1015 cm-3. The interstitial copper concentration 
was measured by means of TID. The recombination activity of interstitial copper is low, 
because it only has a shallow donor level, Ec-(0.15±0.01) eV [29]. 
 
The optical activation of copper was studied in boron-doped silicon. The study was limited to 
copper concentrations below 1.3×1013 cm-3. Silicon wafers containing different amounts of 
interstitial copper were exposed to high intensity light. The charge carrier lifetime in silicon 
decreased as a function of the optical activation time. The carrier lifetimes were measured at an 
excess charge concentration of (6±1)×1015 cm-3. The copper related recombination rate was 
calculated from the change of the inverse charge carrier lifetime. The increase of the copper 
related recombination rate as a function of the illumination time followed an exponential law. 
The mono exponential curve was fitted to the experimentally determined copper related 
recombination rates. The fitting parameters were the saturation of the copper related 
recombination rate and the precipitation time constant. 
 
The dependence of the precipitation time constant on the light intensity was studied with 
samples containing oxygen defects. The electron quasi-Fermi level during the high-intense 
illumination had to be above Ec-0.2 eV in order to induce copper precipitates in a reasonable 
time. It is suggested here that the optical activation changes the charge state of copper 
precipitates, which enables copper precipitation at room temperature. The suggestion is based 
on the results that the copper precipitates are neutral or negatively charged when the Fermi-
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level is above Ec-0.2 eV, and positively charged when the Fermi-level is below Ec-0.2 eV [22]. 
Positively charged interstitial copper atoms precipitate with neutral or negatively charged 
copper precipitates, but not with positively charged copper precipitates due to Coulomb 
repulsion [10]. However, in presence of oxygen defects the copper precipitates even though the 
Fermi-level is below Ec-0.2 eV [38]. Using the SHR-statistics it was found that the interstitial 
copper has a high probability to change its charge state when a high excess charge carrier 
concentration is present in p-type silicon. Therefore, the charge state of interstitial copper may 
also have an effect on the formation of copper precipitates during the high-intensity 
illumination. It was also found that the saturation of the copper related recombination rate was 
independent of the light intensity. 
 
The dependence of the copper related recombination rate on the illumination time was 
modelled with the diffusion-limited precipitation theory. Two models were presented. In the 
volume recombination model, the recombination rate is proportional to the precipitated copper 
concentration. In the surface recombination model, the recombination rate is proportional to the 
surface area of the copper precipitates. Both models fitted the measured copper related 
recombination rate dependence on the illumination time well. Both models are usable for the 
calculation of the recombination activity of copper precipitates. 
 
The copper precipitation time constant decreased when silicon contained a higher 
concentration of interstitial copper or oxygen defects. The results indicate that the precipitation 
time constant decreased, because the density of copper precipitates increased. The density and 
radius of copper precipitates were calculated by means of the diffusion-limited precipitation 
model.  
 
The light-induced copper related recombination rate dependence on the copper concentration 
and the density of oxygen defects is complicated. The recombination rate depends on the 
copper concentration superlinearly when silicon contains small oxygen precipitates. The light-
induced recombination rate is above two orders of magnitude higher in silicon containing a 
high oxygen defect density compared to silicon containing a low oxygen defect density. It is 
suggested here that the reason for this is copper precipitates formed at microscopic lattice 
defects and at oxygen related defects. It is further suggested that the copper precipitates at 
oxygen related defects have a more than two decades higher recombination activity than those 
at microscopic lattice defects. The suggestions are based on the results that the density of the 
copper precipitates stayed about the same, but the recombination rate increased, when the 
density of oxygen defects increased from a low density to a density level of 7×107 cm-3. 
Therefore, a low concentration of copper precipitates at oxygen defects is enough to change the 
total recombination activity of copper without any noticeable change in the total concentration 
of copper precipitates. It was determined with the diffusion-limited precipitation model that the 
concentration of the copper precipitates was 108-109 cm-3 when the density of oxygen defects 
in silicon was 5×108 cm-3 or below. The radius of the copper precipitates was below 4 nm. 
Using the volume recombination model it was calculated that the concentration of the copper 
precipitates at oxygen defects was low compared to the concentration of copper precipitates at 
microscopic lattice defects. Therefore, oxygen related defects were not efficient gettering sites 
for copper. In conclusion, the copper related recombination rate depends on whether the copper 
precipitates are located at microscopic lattice defects or at oxygen related defects or both. The 
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copper related recombination rate is maximized by using silicon samples containing a high 
oxygen defect density to aid the formation of copper precipitates at oxygen related defects. 
 
Experimental results for the optical activation of copper are used to estimate the quantitative 
detection limit of copper in boron doped silicon. The quantitative detection limit of copper is 
about 3×1012 cm-3 in boron doped silicon without oxygen defects. The quantitative detection 
limit of copper is about 5×1010 cm-3 in boron doped silicon if the bulk silicon contains small 
oxygen defects at high density. 
 
It should be noted that the determination of copper concentration by means of optical activation 
of copper is at a preliminary stage. The results in this work are for air-cooled samples at one 
boron concentration level. However, the results indicate that the copper concentration can be 
determined by lifetime measurements by using the correlation curves, which are measured with 
the aid of TID measurements. The correlation curves are the relation between the change of the 
inverse carrier lifetime due to the optical activation and the interstitial copper concentration.  
 
The decrease of charge carrier lifetime due to optical activation results from the copper 
contamination. This can be confirmed by out-diffusing copper to the sample surface and 
repeating the optical activation. The out-diffusion can be done by depositing a negative corona 
charge on the dielectric surface of silicon. A copper contamination is present in silicon, if a 
decrease in the lifetime is not seen after the second optical activation. It should be noted that it 
takes time for the copper to out-diffuse. 
 
The determined out-diffusion time constant of copper was close to the theoretical time constant 
for copper diffusion to the sample surfaces. The out-diffusion time constant was determined by 
measuring the copper related recombination rate as a function of the elapsed time after the 
deposition of the negative corona charge. The result excludes the possibility that the 
dissociation of copper pairs was the reason for the decrease of the carrier lifetime in the 
samples studied in the present work. The dissociation time constant of copper pairs is a few 
weeks at room temperature [26], but the out-diffusion time constant was below one hour in the 
present work. However, the influence of copper pairs on the light-induced copper related 
recombination rate in a fast cooled silicon sample, in which almost all copper can be in copper 
pairs as presented by Koveshnikov et al. [27], should be studied. 
 
The detection of copper by means of optical activation contains at least two drawbacks. It takes 
time for the copper atoms to diffuse to the precipitation places. The diffusion time is in the 
order of magnitude of 1000 seconds. The copper atoms form precipitates when silicon contains 
a high excess charge carrier concentration. This can be generated by means of a light intensity 
of 30 W·cm-2. Therefore, the copper detection over a whole wafer area is time-consuming 
using optical activation. 
 
The charge carrier lifetime depends strongly on the charge carrier injection level in silicon 
containing light-induced copper precipitates. The charge carrier lifetime is ten times higher 
under high injection level conditions than under low injection level conditions. Therefore, the 
SPV technique may be more sensitive for the detection of light-induced copper precipitates 
than the µPCD technique. However, the µPCD technique is more sensitive than the SPV 
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technique, if the wafer contains a moderate iron contamination, because the recombination 
activity of interstitial iron is lower at high excess charge carrier concentrations (µPCD) than 
low carrier concentrations (SPV). 
 
 66
Appendix A Recombination activity of copper precipitates 
 
A.1 Calculations for comparison 
In this appendix the volume recombination coefficient of precipitated copper atoms kprec and 
the surface recombination velocity at copper precipitates Sprec are calculated from measurement 
data and TEM figures presented by Istratov et al. [22]. They determined the size and the 
density of copper precipitates with transmission electron microscope (TEM) measurements. 
They determined the minority carrier diffusion length or its upper limit by means of electron 
beam induced current (EBIC) measurements. Table A.1 shows their measurement results and 
the calculated precipitated copper concentration, the volume recombination coefficient and the 
surface recombination velocity. The diameter of the precipitates was determined from the TEM 
figures. The area of the copper precipitates was calculated by assuming that the precipitates 
were in the shape of plate circles, from 
 
22 rA π= ,  (A.1) 
 
where r is the radius of the plate-shaped precipitate. The precipitated copper concentration was 
calculated from equation 
 
ndrc ρπ 2prec = ,  (A.2) 
 
where d is the thickness of the precipitate, ρ is the density of copper atoms in copper 
precipitates, n is the concentration of the copper precipitates. The volume recombination 
coefficient of precipitated copper was calculated from equation 
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where Dn and Ln are the diffusivity and diffusion length of minority charge carriers, 
respectively. The surface recombination velocity was calculated from equation 
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which was solved from the recombination rate equations 
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Table A.1: The density of copper precipitates n, their diameter 2r and thickness d, and the 
minority carrier diffusion length Ln [22]. The calculated precipitated copper concentration cprec, 
the volume recombination coefficient of precipitated copper atom kprec and the surface 
recombination velocity at the copper precipitates Sprec. For the density of copper in the 
precipitates a value of 6.52×1022 cm-3 was used, and for the hole and electron diffusivities 
values of 12 cm2·s-1 and 33 cm2·s-1, respectively. 
 
type quench n 2r d Ln cprec kprec Sprec 
 K·s-1 cm-3 µm nm µm cm-3 cm3·s-1 cm·s-1 
n-Si 2000 4.3E+12 0.03 0.5 <2.2 9.9E+16 >2.5E-9 >4.1E+06 
n-Si 1000 1.1E+12 0.07 0.5 <2.6 1.4E+17 >1.3E-9 >2.1E+06 
n-Si 200 1.4E+09 0.24 5 13 2.1E+16 3.4E-10 5.6E+06 
p-Si 2000 4.3E+12 0.03 0.5 <2.2 9.9E+16 >6.9E-9 >1.1E+07 
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Appendix B Simulation 
 
B.1 Excess charge carrier concentration 
The excess charge carrier concentration in silicon was calculated with the aid of a Silvaco 
device simulator using cylindrical coordinates. The carrier lifetime measurements and optical 
activation conditions were modelled. 
 
B.1.1 Measurement conditions 
In Figure B.1 the excess charge carrier concentration is shown as a function of the distance 
from the middle point of the light spot. Figure B.1 shows that the excess charge carrier 
concentration was (6±1)×1015 cm-3 due to the bias-light, within a radius of 0.07 cm. The 
simulation parameters for excitation were the radius of the bias light and the pulse light spots, 
which were 0.056 cm, a bias light intensity of 0.5 W·cm-2, a bias light wavelength of 973.5 nm, 
a pulse light intensity of 1317 W·cm-2 for a duration of 200 ns, a pulse light wavelength of 
905 nm. The material parameters were a boron concentration of 1015 cm-3, electron and hole 
Auger coefficients of Cn=1.5×10-30 cm6·s-1 and Cp=0.6×10-30 cm6·s-1, respectively. They were 
increased from the default values in order to match the ambipolar Auger coefficient at excess 
charge carrier concentrations between 1015 cm-3 and 1016 cm-3 with the ambipolar Auger 
coefficient published in Ref. [47]. A interstitial iron concentration of 6×109 cm-3 was simulated 
by means of a donor trap by using a level at Ev+0.38 eV, an electron capture coefficient of 
5.7×10-7 cm3·s-1 and a hole capture coefficient of 1.1×10-9 cm3·s-1. 
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Figure B.1: The excess charge carrier concentration as a function of distance from the center of 
the light spot. 
 
 69
B.1.2 Optical activation conditions 
The excess charge carrier concentration under optical activation conditions was simulated 
using the following parameters. The simulation parameters for excitation were the radius of the 
bias light spot, which was 0.056 cm, the bias light intensity varied and the bias light 
wavelength was 973.5 nm. The material parameters were an interstitial iron concentration of 
6×109 cm-3, electron and hole Auger coefficients Cn=1.5×10-30 cm6·s-1 and Cp=0.6×10-30  
cm6·s-1, respectively. An interstitial iron concentration of 6×109 cm-3 was simulated by means 
of a donor trap by using a level at Ev+0.38 eV, an electron capture coefficient of  
5.7×10-7 cm3·s-1 and a hole capture coefficient of 1.1×10-9 cm3·s-1. Light-induced copper 
precipitates were simulated by means of a donor trap by using a level at Ev+0.56 eV and a 
concentration of 109 cm-3. The capture cross-sections for the level at Ev+0.56 eV were fitted to 
get the carrier lifetime calculated from SHR-equation (3.23) to be equal with the measured 
carrier lifetime at the end stage of the optical activation. The measured lifetimes for samples A 
and B were 100 µs and 200 µs, respectively, at a high excess charge carrier concentration level. 
The ratio of capture cross-section was kept a constant 1:9, because carrier lifetimes in silicon 
containing light-activated copper defects was ten times higher at high excess charge carrier 
concentration than at low excess charge carrier concentration. Table B.1 shows the boron 
concentration and the electron and hole capture coefficients for the level at Ev+0.56 eV used in 
the simulations. The actual recombination parameters for the light-induced copper precipitates 
are not known. 
 
Table B.1: The parameters used in the simulations. The boron concentration, the electron and 
hole capture coefficients for the level at Ev+0.56 eV and the light intensity. The simulation 
result was the average electron quasi-Fermi level Ec-EFn within a radius of 0.5 mm from the 
center of the light spot. 
 
sample Na cn cp light intensity Ec-EFn 
 cm-3 cm3·s-1 cm3·s-1 W·cm-2 eV 
A 1015 1.0E-04 1.1E-05 4.5 0.201 
A 1015 1.0E-04 1.1E-05 11.9 0.177 
A 1015 1.0E-04 1.1E-05 16.2 0.170 
A 1015 1.0E-04 1.1E-05 20.4 0.166 
A 1015 1.0E-04 1.1E-05 28.9 0.160 
A 1015 1.0E-04 1.1E-05 45.9 0.153 
B 6.1×1014 5.0E-05 5.6E-06 0.11 0.308 
B 6.1×1014 5.0E-05 5.6E-06 28.9 0.156 
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